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An important goa! of our research is the development of a system for putting
plasmid DNA manipulated in vitro back into nontransformable Bacillus species such as
B. anthracis. Our results suggest that plasmid pLS20 of Bacilius subtillis (natto),
which promotes transfer of the tetracycline resistance plasmid pBC16 from B. subtilis
to B. anthracis and other Bacillus species, may be useful for this purpose. in
addition to mobilizing pBC16, pLS20 mediates transfer of the B. subtilis (natto)
plasmid pLS19 and the Staphylococcus aureus plasmid pUB110. To facilitate direct
selection for pLS20 transfer, plasmid derivatives which carry the erythromycin
resistance transposon Tn917 were generated. It seems likely that the use of pLS20
will facilitate the introduction of plasmid DNA into nontransformable species by use
of transformable B. subtilis strains as intermediates.

B. thuringiensis subsp. kurstaki strain HD1-9 carries a generalized transducing
phage, TP-21, whose prophage exists as a 29-Mdal plasmid. Results presented in this
report show that cells lysogenized with TP=21 concain the 29-Mdal plasmid and are
immune to lysis by TP-21c, a clear-plaque mutant of TP-21. The restriction pattern
of DNA isolated from TP-21¢ phage particles was identical to that of the 29-Mdal
plasmid prophage isolated from TP-21 fysogens. The erythromycin resistance
transposon Tn917 was transposed to the TP-21 genome, resulting in a specialized
transducing phage carrying the transposon. The Tn917-tagged TP-21 was used to
determine the host range of the phage. Most strains of B. anthracis and B.

thuringiensis tested were susceptible to the phage. |t seems likely that the

transposon-tagged TP-21 phage will be a useful tool for transposon mutagenesis in B.

anthracis.

We have continued studies on the mechanism or conjugative transfer of plasmids
mediated by the B. thuringiensis fertility plasmids pXO11 and pX0O12. These plasmids
are able to mediate their transfer and that of other plasmids among B. anthracis, B.

cereus, and B. thuringiensis strains, and we are interested in ldentl?-ylng the plasde

genes responsi—ble for conjugative transfer. Resuits of experiments Involving mutant
plasmids, restriction analyses, and DNA-DNA hybridizations suggest that the B.
thuringiensis transposon Tn4430, transfer genes, and the parasporal crystal gene are

located in the same vicinty on pXO12. DNA-DNA hybridization experiments have

shown that the homology exhibited by the four conjugative B. thuringiensis plasmids
pX011, pX012, pX013, and pXO0O14 can be attributed in part to the presence of
Tn4430. The transfer efficiency of pX0O12 was determineg by using a ferlvatlve
tagged with Tn917; transfer frequencies ranged from 9.2 x 10 " to 7.1 x 10

Plasmid pXO12 is able to mediate the transfer of B. anthracis plasmids, pXO1
and pX02, to B. cereus and cured B. anthracis reciplents. Iin contrast to the
relatively high frequency of pBC16 transfer, the number of transcipients which
acquire. the B. anthracis plasmids was significantly lower. In several cases a 4.2-kb
DNA sequence originating from pXO12 was present on pXO1 and pX0O2 after transfer.
The sequence was identified as the B. thuringiensls transposor Tn4430. Some
transcipients harbored cointegrate plasmids of pXO1 and pX012 which were capable
of transferring the PA (protective antigen) phenotype of pXOtl to 50% of the T
transcipients,

We have tried unsuccessfully in the past to trarsform B. cereus, B. anthracis,
and B. thuringiensis by a number of methods that have been reported in the
literature. However, a new procedure for transforming B. thuringiensis was reported
recently (j. Bacteriol. 169:1147-1152 [1987]), and we ' have had some success in
adapting the method to B. cereus. We are optimistic that the method will be
applicable to B. anthracis.
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SUMMARY

This is a progress report (second annual report) of research being
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carried out on Bacillus anthracis under contract DAMD17-85-C-5212} Research
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on the contract which began August 1, 1985 is a continuation of research
previously carried out under contract DAMD17-80-C=0099. During the year
represented by this annual report our research concentrated largely on (1)
characterization of the conjugative plasmid, pLS20, of B. subtilis and its
ability to transfer plasmids among B. subtilis, B. cereus, B. thuringiensis,

and B. anthracis; (ii) physical and genetic characterization of the temperate
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B. thuringiensis phage, TP21, which 1s active on B. anthracis and whose
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prophage exists as a plasmid; (1ii) further physical and genetic
characterization of the B. thuringiensis conjugative plasmids pX011 and pX012;
(iv) the mechanism of transfer of the B. anthracis piaamids, pX01 and pX02; by

the conjugative plasmid pX012; and (v) transformation of B. cereus and B.
anthracis with plasmid DNA.

The 55-kb plasmid, pLS20, of Bacillus subtilis (natto) 3335 promotes
trinsfer of the tetracycline resistance plasmid pBC16 from B. subtilis (natto)

to B. anthracis, B. cereus, B. lichenitormis, B. megaterium, B. pumilus, B.

subtilis, and B. thuringiensis. Frequency of pBC16 transfer ranged from 2.3 X

10‘6 to 2.8 x 10~3. Evidence for a plasmid-encoded conjugation-like mechanism
of genetic exchange includes: (1) pLS20* strains, but not pLS20™ strains,
functioned as donors of pBC16, (2) Plasmid transfer was insensitive to the
presence of DNase, and (3) Cell-free filtrates of donor cultures did not con-
vert recipient cells to Tel. Cotransfer of pLS20 and pBC16 in intraspecies
matings and in matings with a restriction-deficient B. subtilis strain
indicates that pLS20 is self-transmissidle. In addition to mobilizing pBC16,
pLS20 mediated transfer of the B. subtilis (natto) plasmid pLS19 and the
Staphylococcus aureus plasmid pUB110. The fertility plasmid does not carry a

selectable marker. To facilitate direct selection for pLS20 transfer, plasmid
derivatives which carry the erythromycin resistance transposon Tn317 were
generated. Development of this method of genetic exchange will facilitate the
introduction of plasmid DNA into nontransformable species by use of transform-
able fertile B. subtilis or B. subtilis (natto) strains as intermediates.
Contrary to reports in the literature that B. thuringiensis subsp.
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kurstaki HD1-9 carries a 29-Mdal plasmid that will mediate conjugative
transfer of chromosomal genes to B. cereus, our results show that transfer of
chromosomal genes during mating with that strain as donor occurs by means of
transduction. The strain HD1-9 carries two or more generalized transducing
phages. The prophage of on f these exists as a 29-Mdal plasmid. We have
named the phage TP-21. Results presented here show that phage TP-21 isolated
from B. thuringiensis subsp. kurstaki HD1~9 will lysogenize B. cereus and the
resulting lysogens contain the 29-Mdal plasmid and are immune to lysis by
TP-21¢, a clear plaque mutant of TP-21. The restriction patterns of DNA
isolated from TP-21c phage and the 29-Mdal plasmid prophage isolated from B.
cereus 569 TP-21 lysogens were identical. The erythromycin resiastance
transposon Tn317 was transposed to the TP-21 genome, resulting in a
specialized transducing phage carrying the transposon. TP-21::Tn917 was used
to determine the hosat range of TP21. Most strains of B. anthracis and B.
thuringiensis tested were susceptible to the phage. It seems likely that the
transposon~-tagged TP-21 phage will be a useful tool for transposon mutagenesis
in B. anthracis and other susceptible organisms.

We reported previously on the identification of two self-transmissible
plasmids, pX011 (56 Mdal) and pX012 (75 Mdal), indigenous to B. thuringiensis
4042A subsp. thuringiensis. These plasmids are able to mediate conjugative
transfer of plasmids among B. anthracis, B. cereus, and B. thuringiensis
strains, and we are interested in identifying the plasmid genes responsible
for conjugative transfer. Restriction analysis of two crystalliferous (Cry*),
transfer deficient (Tra~) deletion derivatives of nX012 has showm that DNA

sequences involved in conjugal transfer functions are located on a 48.5-kb
Aval fragment. DNA-DNA hybridization experiments have shown that a copy of
the B. thuringiensis transposon, Tni430, is located on a 5.7-kb BglII fragment
contained within the 48.5-kb Aval fragment of pX012. Analysis of two Cry~
Tra* derivatives of rX012 has indicated that a 16.0-kb Aval fragment encodes
information required for the synthesis of parasporal crystals, and the 16.0-kb
and the u48.5-kb Aval fragment are adjacent on pX012. Based on these results,
it appears that Tndl30, the transfer genes, and the parasporal crystal gene
are located in the same vicinty on pX012, DNA-DNA hybridization experiments
have shown that the homology exhibited by the four conjugative B.
thuringiensis plasmids pX011, pX012, pX013 and pX014 can be attributed in part
to the presence of Tni430. The transfer efficiency of pX012 has been
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determined by using marked derivatives of pX012 which carry the Em" transposon
Tn917; transfer frequencies ranged from 9.2 x 10=5 to 7.1 x 10-2,

Plasmid pX012, is able to mediats the tranafer of B. anthracis plasmics,
pX01 and pX02, into B. cereus and cured B. anthracis recipients. In contrast
to the relatively high frequency of pBC16 tranafer, the number of
transciplents which acquired the B. anthracis plasmids was significantly
lower. In several cases a 4.2-kb DNA sequence originating from pX012 was
found to have transposed onto pX01 and pX02 after transfer. This 4.,2-kb
sequence was determined to be identical to the recently described B.
thuringiensis transroson Tni#430. Transcipients were also cbtained which
harbored cointegrate plasmids of pX01 and pX012 which were capable of
transferring the PA* (protective antigen) phenotype of pX01 to 50% of the
total Tef transcipients. |

In recent years a number of repcrts have appeared in the literature on
methods for transforming B. thuringiensis. We have tried unsuccessfully to

transform B. cereus, B. anthracis, and B. thuringiensis by most, i not all,

of the methods that have been reported. This has been the experience with
most laboratories that have tried to use the trantomatidn methods that have
been reported. Heilerson, et al. (J. Bacteriol. 169:1147-1152 [1987])
recently reported a new method for transforming B. thuringiensis, and we have
had some success in adapting their procedure to B. cereus. We are optimistic
that the method will be applicable to B. anthracis.

Foreword

Citations of commercial organizatinns and trade names in this report do
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ANNUAL PRCGRESS REPORT

This is the second annual report submitted under contract DAMD17-85-C-5212.
Research on the contract wrich began August 1, 1985 is a contiauation of
research previously carried out under ccatract DAMD17-80-C-0099.

During the year represented by this annual report our research concentrated

largely on (i) characterization of the coanjugative plasmid, pLS20, of B.

subtilis and its ability to transfer plasmids among B. subtilis, B. cereus, B.

thuringiensis, and B. anthracis; (ii) physical and genetic characterization of

the temperate B. thuringiersis phage, TP21, which is active on B. anthracis and

whose prophage exists as a plasmid; (iil) further physical and genetic
characterization of the B. thuringiensis conjugative plasmids pX011 and pX012;

(17) the mechanism of transfer of the 3. anthracis plasmids; pXO1 and pX02, by
the conjugative plasmid pX012; and (v) transformation of B. cereus and B.
anthracis with plasmid DNA.

In this report our main efforts for the past year are discussed following a
general description of materials and methods. Specific procedures which
themaelves are results of the research are described as appropriate under

individual seciions.

MATERIALS AND METHODS

Organisms. Table 1 lists the strains anu mutants referred to in this
report.

Media. For convenienca to the reader, compositions of the various culture
media referred to in this report are given below. All amounts are for one liter
final volume. For preparatlon of solid medium, 15 grams of agar (Difzo) were
added per liter of the corresponcding broth.

NBY broth: Nutrient broth (Difco), 8 g; Yeast extract (Difco), 3 g.

NBYCO3 agar: NBY agar with 7 g of NaHCO3.
Phage assay (PA) broth: Nutrient broth (Difco), 8 g; NaCl, 5 g;

Mgsou.7H20, 0.2 g; nnsou.nzo, 0.05 g; CaClz.ZHﬁo, 0.15 g. The pH was
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adjusted to 6.0 with HCl.

Phage assay azar: For bottom agar, 15 g of agar were added per liter of
phage assay broth. For sort agar, 0.6 g of agar were added per liter.

PACO3 agar: PA agar with 7 g of NaHCO3.

L broth: Tryptone (Difco), 10 g; Yeast extract (Difco), 5 g; NaCl, 10 g.
The pH waa adjusted to 7.0 with NaCi.

LG broth: L broth with 1 g of glucose.

BHI broth: Brain heart infusion broth (Difeco), 37 g.

BHI-glycerol broth: BHI broth +**th 0.5% (w/v) glycerol added aseptically.

Peptone diluent: Peptone (Difco), 10 g. Usecd for diluting phage and
bacterial cells.

Minimal I: (NHu)ZSOu, 2 g; K POy, 6 g; K HPO,, 14 g; sodium citrate, 1 g;
glucose, 5 g3 L-glutamic acid, 2 g; MgSOu.7HZO, 0.2 g; FeC13.6H20,
0.04 g; MnSOQ.HZO, 0.00025 g. The pH was adjusted to 7.0 with NaOH.
The glucose and FeCl3 were sterilized separately.

Minimal IC: Minimal I with 5 g of vitamin-free Casamino acids (Difco) and
10 mg of thiamine hydrochlorida.

Minimal 3: To Minimal 1 was added 10 mg of thiamine hydrocloride and 200
mg of glycine.

Minimal 4NH: To Minimal 3 was added 40 mg of L-methionine and L-histidine,
and 10 mg of nicotinamide.

SG medium: This medium for polyglutamate production by B. subtilis (natto)
was described by Hara et al. (12). It contained L~.glutamic acid
(monosodium salt), 15 g; KH, POy, 2.7 g; Na,yHPO,.12H,0, 4.2 g; NaCl,
0.5 g; Mgsou.7H20; 0.5 g; sucrcse, 50 g; and biotin, 1 mg. The pH was
adjusted to 6.4,

DM3 medium: This medium for regenerating protoplasts in transformation
experiments was prepared as described by Chang and Cohen (7).

CA-agarose medium: CA-agarose medium for the detection of colonies
producing protective antigen was prepared as follows: 0.75 g of
agarose was added to 100 ml of CA broth (prepared as described by

P T ————— . — e — .
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Thorne and Belton [37]) and the mixture was steamed until the agarose
was dissolved. When the medium cooled to about 50°C, 1 ml of 20%
glucose, 8 ml of 9% NaHCO3, 6 ml of goat antiserum to B. anthracis,
and 10 ml of horse serum were added. The medium was dispensed in
petri plates (13 ml per plate) and the plates wers left with their
lids ajar while the agarcse solidified. Tha plates were usable after
1 hr.

Antisera. B. anthracis antiserum was kindly supplied by personnel c¢*
USAMRIID.

Test for auxotrophic markers. To teat for auxotrophic markers of
transcipients, the minimal media Min I and Min IC, were supplemented as
appropriate with the required amino acids, purines, or pyrimidines at a
concentration of 40 pg/ml. Biotin (0.1 pug per ml) was added to minimal media
for growth of B. subtilis (natto). '

Propagation and assay of bacteriophage CP-51 and CP-S4., The methodas
described previously (28, 31, 33) were followed. The indicator for routine

assay of these phages was B. cereus 569.
Propagation and assay of phage TP-21 and TP-21c lysates. Cell-free lysates

of TP-21 were prespared by growing cultures of lysogens from a loop of cells or
spores in 25 ml BHI broth with 0.1% glycerol. Following 16 h of incubation at
30°C the cultures were centrifuged to remove the cellular debris and filtered
through a 0.45-uym HA Millipore filter. Lysates of TP-21c were prepared by lytlc
infection of B. cereus 569 in broth cultures. All lysates were confirmed to be
free of bacterial contamination by plating samples on L agar.

TP-21 and TP-21c were assayed by the soft agar overlay technique on NBY or
PA agar, with spores of B. cereus 569 as the indicator. Phage was diluted in 1%
peptone and 0.1 ml was mixed with 0.1 ml of indicateor in 2 ml of soft agar.
Sometimes 0.1 % glycerol (w/v) was added to the top agar to improve the ability
to detect plaques of phage TP-21. Plates were incubated at 30°C and plaques
were counted after 20 h.

Isolation of phage TP-21 DNA. The phage from a lysate containing 1010 or
more PFU per ml was collected by centrifugation for 2 h at 25,000 rpm. The
phage pellet from each 65 ml of culture was then suspended in 1 ml of SSC buffer

and pooled with the other phage suspensions. An equal volume of freshly
distilled phenol saturated with SSC was added and the tube was gently rolled for
10 min. The mixture was centrifuged at 10,000 rpm for 30 min. The phenol layer
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was removed and the aqueous layer was entrifuged at 10,000 rpm for 20 min to
pellet the protein. The aqueous phase was poured into a sterile tube and the
deproteinization procedure was repeated. The DNA was precipitated by first
adding one half volume of 7.5 M ammonium acetate and mixing well. Two volumes
of 95% ethanol were added and the tube contents were mixed well by inverting the
tube 20 times. The tube was held on ice for 10 min and then the DNA pellet was
collected by centrifuging at 0°C for 1 h at 10,000 rpm. The ethanol was
decanted and the DNA pellet was allowed to drain over paper towels for 5 to 10
min before resuspending in 5 ml of TES (50 mM Tris-HCl, 50 mM NaCl, 3 mM EDTA
(pH 8.01).

Test for capsule production. The ability of B. anthracis and B. gereus to
produce capsules was determined by growing cells on PA agar incubated in alr, or
on PAC03 agar incubated in 20% CO,. Plates were incubated at 37°C for 24 to 48
h.

Detection of plasmid-DNA. Plasmid DNA was extracted by a modification of
the procedure described by Kado and Liu (16). Cells were grown in 250-ml
Erlenmeyer flasks containing 25 ml of BHI broth supplemented when appropriate
with tetracycline (10 ug/ml). With some strains better results were obtained
when 0.5% (w/v) glycerol was included in the BHI broth to prevent sporulation.
Best results with strains of B. anthracis were obtained when the BHI broth was
supplemented with 10% (v/v) horse serum. The inoculum for each flask was a loop
of growth from an L agar plate which had been streaked with a loop of spores and
incubated at 27°C for 16 to 24 hours. Cultures were incubated at 37°C on a
rotary shaker (100 to 160 rpm) for 13 to 16 hours. Cells from 25 ml of culture
were collected by centrifugation at 10,000 rpm in a Sorvall SS34 rotor for 10
min at 15°C and resuspended in 1 ml of E buffer (0.04 M Tris-OH (Sigma), 0.002 M
EDTA (tetrasodium salt, Sigma), 15% sucrose, pH 7.9) by gentle vortexing. Cells
were lysed by adding 1 ml of the suspension to 2 ml of lysis buffer prepared by
adding 3 gm of sodium dodecyl sulfate and 5.0 ml of 3.0 N NaOH to 100 ml of 15%
(w/v) sucrose in 0.05 M Tris-OH. The tubes were rapidly inverted 20 times to
mix the cells and buffer and they were then held in a 60°C water bath for 30
min. The lysate was extracted with 6 ml of phenol-chloroform (1:1, v/v) by
inverting the tubes 40 times. The emulsions were separated by centrifugation at
10,000 rpm for 10 min at 15°C and the aqueous phase was removed for

electrophoresis.
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The procedure as described above was used for B. anthracis, B. cereus, and
B. thuringiensis. It was modified slightly for B. subtilis and B.
licheniformis. Cultures were grown for 16 hours in BHI broth supplemented with
0.1% glycerol, or in LG broth for B. subtilis (natto). After cell pellets were
suspended in 2 ml of E buffer, lysozyme was added to give a final concentration
of 2 mg per ml, and suspensions were incubated at 37°C for 45 to 60 minutes.
Two ml of lysis buffer as described above were added and tubes were inverted 20
times. After the suspensions were incubated 30 minutes at 60°¢C they were cooled
on ice and 0.5 ml of 2M Tris-OH was added. The tubes were inverted 20 times,
and following the addition of 6 ml of cold phenol-chloroform mixture to each
tube, they were inverted 20 times again. Finally the tubes were centrifuged at

rfx: 10,000 rpm for 10 minutes and the aqueous layer was withdrawn.
;i j For electrophoresis of plasmid DNA, extracts (40 ul) were mixed with 10 ul

of tracking dye (0.25% bromphenol blue, 15% ficoll) and samples (40 ul) were
~applied to horizontal 0.7% agarose (Sigma, Type II medium EEQ) gels prepared and
run in Tris-borate buffer (0.089 M Tris-OH, 0.089 M boric acid, 0.0025 M EDTA,
pH 8.2 to 8.3). Electrophoresis was carried out at 70 V for 90 to 120 min at
room temperature. Gels were stained with ethidium bromide (1 ug/ml) in
Tris-borate buffer).
Method fer isolating plasmid DNA sultable for restriction analysis. The

above procedure for extracting plasmid DNA has been modified in such a way that
very little or no chromosomal DNA is present in the preparations. At least

there is not enough chromosomal DNA present to interfere with restriction

4 Y
Yy

analysis of plasmids. The modified procedure i3 the szme as the procedure
described above through the lysis stap at 60°C. At that point cell debris and
unlysed cells were removed by centrifugation at 10,000 rpm for 15 minutes at

s

TR

5°C. The supernatant fluid was decanted and placed in an ice bath. Ice-cold 2
M Tris (0.5 ml, pH 7.0) was added to neutralize the lysate and mixing was
accomplished by inverting the tubes 20 times. The lysate was extracted with 6
ml of cold phenol-chloroform by inverting the tubes 40 times. The emulsions
were separated by centrifugation at 10,000 rpm for 10 minutes at 5°C, and the
aqueous phase was removed. One-half volume of 7.5 M ammonium acetate was added,
and the plasmid DNA was precipitated by adding twice the final volume of ice
cold 95% ethanol. The tubes were held on ice for 15 minutes and then
centrifuged at 10,000 rpm for 30 to 60 minutes at 5°C. The ethanol was
decanted, 5 ml of cold 70% ethanol was added to each tube which was then mixed
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gently on a vortex mixer, and the DNA was collected by centrifugation at 10,000
rpm for 15 minutes at 5°C. After the ethanol was decanted, the tubes were
inverted over paper towels for 10 minutes and then placed in a vacuum desiccator
for at least 2 hours to dry the DNA thoroughly. The DNA was dissolved in 0.1 to
0.5 ml of TES (0.05 M Tris-QOH, 0.05 M NaCl, 0.005 M EDTA, pH 8.0) containing 50

ug of RNase per ml.
If larger preparations of plasmid DNA are desired, the above procedure can

be scaled up successfully.
Plasmid DNA for nick translation was purrified further by cesium chloride

density gradient centrifugation.

Restriction endonuclease digestions. Restriction endonuclease digestions
were carried out under conditions recommended by the supplier of the enzymes,
Usually 10 to 20 ul of DNA (1.0 to 1.5 ug) in TES (pH 8.0) was added to 5 to 10
units of enzyme in a 1.5 ml Eppendorf tube. Appropriate amounts of distilled
water and 10X buffer were added to give a total volume of 100 ul. Reaction
mixtures were incubated in a 37°C water bath for 2 to 15 h. Digests were heated
at 65°C for 10 minutes to stop feactions and then resolved on agarose gels.

Transduction of pX02. Bacteriophage CP-51t3i5 was propagated on B.
anthracis and assayed on B. cereus 569. Recipient cells for transduction were
grown in 250-ml flasks containing 25 ml of L broth (for B. cereus) or BHI broth
with 0.5% glycerol (for B. anthracis) and incubated at 37°C on a rotary shaker
at 250 rpm. Cells from a 10% (vol/vol) transfer of a 16-h culture were grown -
for 5 h. Cells (0.1 ml containing approximately 108 CFU) and phage (0.1 ml
containing approximately 5 x 109 PFU) were spread together on NBYCO3 or PAC03
agar. Plates were incubated at 37°C in 20% COZ' After 3 h, 0.1 ml of phage
CP~54 (3 x 109 PFU) was spread on the transduction plates to lyse noncapulatad
cells and to allow the selection of capsulated transductants. Incubation in 002

was continued for 326 to 48 h.

Protoplast transformation. B. subtilis and B. subtilis (natto) were
transformed by the method of Chang and Cohen (7).

Procedures used in mating experiments:

(1) Matings in broth: Cells for mating were grown in 250-ml Erlenmeyer

~ flasks containing 25 ml of BHI broth and incubated at 30°C with slow shaking.

Donor and recipient strains were grown separately for 8 to 10 hours from 1%
(v/v) transfers of 14- to 15-hour cultures. Each culture was diluted 1:50 in
BHI broth, ylelding 106 to 107 cells per ml, and mating mixtures were prepared

-13-
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by mixing 1 ml of donor cells with 1 ml of recipient cells in 20-mm culture
tubes. Control tubes contained 1 ml of BHI broth and 1 ml of donor or recipient
cells., Mixtures were incubated at 30°C with slow shaking. Samples were removed
at times indicated and plated on appropriate selective media ror determining the
numbers of donors, recipients, and transcipients. Dilutiins were made in
peptone diluent. Plates were incubated at 30°C and colonies were scored after
24 to U8 hours.

When mating mixtures wers prepared with streptomycin-resistant recipients
and tetracycline-resistant donors, tetracycline-resistant transcipients were
selaected on L-agar containing streptomycin (200 ug/ml) and tetracycline (5 or 25
ug/ml., If the recipicnts were streptomycin-sensitive, tetracycline-resistant
transcipients were selected cn Min iC agar supplemented with tetracycline and
the appropriate growth requiremsnt of the auxotrophic recipient. For selecting
B. cereus transcipients 25 ug of tetracycline per ml wns used, but with B.
anthracis the number of trgnseipients recovered was greater when the
concentration of tetracycline was only 5 ug per ml. Once transciplents were
selectad with the lower concentratica of tetracycline, they were then fully
resistant to 25 ug per ml. When recipients were rifampicin-resistint,
rifampicin (10 ug/ml) was included in the selection medium.

Transfer frequency is exprussed as the number of transcipients per ml
divided by the numter of donors per ml at the time of sampling. It shoula be
emphasized that the use of both auxotrophic and drug-resistant strains allowed
unambigunus strain selection and recognition.

(2) Matings on membranes: Donor and recipient cells were grown in 250-ml
flasks containing 25 ml of BHI broth and incubated at 30°C on a reciprocal
shaker, 80 excursions per min. To prevent cell clumping, B. licheniformis

recipient cultures were grown at 37°C, 250 rpm. Transfers (5%, v/v) from 14~ to
16«h cultures were grown for 5 h. One ml of donor cells and 1 ml of recipient
cells yere mixed and 0.1-0.2-ml samples were spread onto Millipore DA or HA
membranes (Millipore Corp., Bedford, MA) which were placed on nonselective
medium for 5 hr. BHI agar was usually used if the recipients were B. anthracis,
B. cereus, or B. thuringiensis. PA agar was usually used for B. subtilis, and

LG agar was used when the matings involved B. subtilis (natto). To determine

the number of donor and recipient cells per membrane, the mixture was diluted in
peptone and plated on the appropriate selective media. Control mixtures
contained 1 ml of BHI broth and 1 ml of donor or recipient cells. Plates were
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incubated at 30°C for 5 h to allow mating and phenotypic expression. Membranes
were subsequently transferred to agar plates containing tetracycline (for pBC16
transfer) or neomycin (for pUB110 transfer) and either rifampicin or
streptomycin to select for recipients which had acquired the antibiotic
resistance plasmid from the donor. To select for transfer of Tn3l7-containing
plasmids, membranes were transferred to agar containing erythromyecin and
lincomycin, and either rifampicin or streptomycin. Colenies were scored after 1
to 2 days of incubation and transcipients were purified on the selective medium.
The use of auxotrophically marked strains facilitated unambiguous identification

!
:
]
}
A

§ of transcipients. Frequency is expressed as the number of transcipients per

‘3 donor.

% Screening colonies for protective antigen production. Colonies were picked
& to plates of CA-agarose medium and incubated at 37°C in 20% 002 for about 16 h.
@ A zone of precipitate formed around colonies that produced protective antigen.
i Southern blotting and hybridization. DNA was purified by isopycnic

N centrifugation in cesium chloride gradients. The DNA was radiolabelled by nick
§£ translation (27) using {a-32P]-dGTP purchased from Amersham, Arlington Heights,
ﬁ{ IL, and a kit obtained from Bethesda Research Laboratories. Plasmid DNA

restriction fragments separated on a 0.6% agarose gel were transaferred to
GeneScreen Plus nylon membranes (New England Nuclear Co.) by the Southern
blotting technique (29). The DNA-DNA hybridization protocol was that

=
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recommended by the supplier.

Screening colonies for fertility. A replica plate mating technique was
employed to screen large numbers of transcipients for fertility. Colonies of
transcipients to be tested were picked to BHI agar to form master plates. These
were incubated 16 to 18 h at 30°C and the colonies were replica plated to BHI
agar plates that had been spread with 0.1 ml of spores (approx 1 x 108 CFU) of a
recipient strain. The Str’ strains, B. anthracis UM44-1C9 and B. cereus UM20-1,
and the RifT strain, B. anthracis UM23C1-2, were used as recipients. The plates
were incubated 16 to 18 h at 30°C and the mixed growth was then replica plated
to agar plates containing tetracycline and the appropriate antibiotic to select
for the recipient strain. Incubation at 30°C was continued. After 16 to 20 h,
patches of transcipient growth were present in areas corresponding to particular
colonies of transcipients on the master plate which were fertile.
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RESULTS AND DISCUSSION

I. Characterization of the conjugative plasmid, plLS20, of B. subtilis

Previous reports from our laboratory have described systems for plasmid
transfer in and among strains of Bacillus anthracis, B. cereus, and B.
thuringiensis. CP-51-mediated transduction and matings employing
self-transmissible plasmids from B. thuringiensis facilitate plasmid transfer
among these three Bacillus species (4, 28, 35). However, these genetic exchange
systems are not suitable for plasmids constructed in vitro or those carried by
strains outside the host range of CP-51 and the B. thuringiensis fertility
plasmids. Therefore, a plasmid-enccded mating system has been developed for
transfer of plasmid DNA from the readily transformable Bacillus species, B.
subtilis and B. subtilis (natto), to B. anthracis and other Bacillus species for
which efficient transformation systems have not been developed. -

B. subtilis (natto) strains contain a variety of endogenous plasmids. In
10 of 15 strains screened by Tanaka and Koshikawa (30), one or more plasmids
ranging from 5.4 to 65 kb were found. Strain 3335 harbors a 54.65-kb plasmid,
pLS20, and a S.4-kb plasmid, pLS19. pLS19 has been reported to be associated
with polyglutamate production in this species (12-14). The function of pLS20 in
strain 3335 has not been determined previously.

pLS20 or other plasmids of similar size are present together with 5.4 kb or
6.0 kb plasmids in B. subtilis (natto) strains. To account for the array of

s

;%ﬁ plasmid profiles in various B. subtilis (natto) isolates, Tanaka and Koshikawa
ﬁﬁ? (30) have suggested that plasmids may be transrerred between strains by some
4$f unknown mechanism. B. subtilis (natto) strains are isolated from a vegetable

cheese prepared by fermentation of boiled soybeans. Thus, during fermentation
cells have the opportunity for contact. These considerations, plus reports by
Ca lton and Gonzalez (6) and findings in our own laboratory (4, 26)
demonstrating the presence of large self-transmissible plasmids in B.
thuringiensis, prompted investigation of a possible role of pLS20 in mating.
Plasmid content of B. subtilis (natto) strains. B. subtilis (natto) strain
3335 harbors the 5.4-kb plasmid pLS19 and the 54.6-kb plasmid pLS20. Fig. 1A
shows agarose gel electrophoresis of plasmid lysates of strain 3335 and some
derivatives generated in our laboratory. The spontaneously cured isolate, UMY,
carries only pLS20. The #4.2-kb tetracycline resistance plasmid pBC16 (5) was
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introduced into UMM by transformation to yield the Te' strain UMS. B. subtilis
(natto) UM24 is cured of all plasmids.

Transfer of pBC16. B. subtilis (natto) strains were tested for the ability
to transfer plesmid pBC16 in intraspecific and interspecific matings. Fig. 1B
shows agarcse gel electrophoresis of plasmid DNA from donor, recipient, and
transcipient strains from matings with cured B. subtilis (natto) and B.
anthracis recipients. When B. subtilis (natto) UM8(pLS20, pBC16) was mated with
§. subtilis (natto) UM24, 1.7 x 10“ T’ transcipients were obtained. All of 16
Te" transcipients examined acquired pBC16. Seven of these transcipients also
acquired pLS20 from the donor. " pBC16* trancipients were also obtained in a
mating with B. anthracis UM23C1-2 as the recipient. However, cotransfer of
pLS20 to B. anthracis was not observed in these matings. Of 388 B. anthracis

transcipients examined by plasuid extractions and/or replica plate matings, none
was pLSZO’. pLS20 has recently been transferred to B. anthracis in an
experiment in which recipient cells were heated to 51°C prior to mating.

1" transcipients were obtained only when strains harboring pLS20 were used

as donors. All Tcr transcipients retained the auxotrophic marker of the
recipient strain. Transfer of tetracycline resistauce was not observed from
pLs20~ pBC16* strains, such as B. subtilis (natto) UM28.

Mechanism of plasmid transfer. To investigate the possibility of
transformation of pBC16 into recipient cells, the sensitivity of plasmid
transfer to DNase was tested. B. subtilis (natto) UM8(pLS20, pBC16) and B.
anthracis UM44-1C9 cultures were incubated in the presence of Dilase. Cultures
were then mixed and spread onto membranes with additional DNase. The number of
Te' transcipients obtained (4.4 x 103) after incubation with DNase and Mgso, did
not differ significantly from the number of transcipients obtained (2.7 x 103)
after incubation with Mgsou alone. '

To determine whether plasmid transfer occurred by transduction, the ability
of cell-free filtrates of B. subtilis (natto) UM8 cultures to convert B.
anthracis UMU4-1C9 to tetracycline resistance was investigated. Filtrates were
prepared from mitomycin C- and UV-induced donor cultures and from an untreated
donor culture. No Tc© transcipients were detected when the filtrates were mixed

with recipient cells and spread onto membranes.

Participation of a wide variety of Bacillus species in pLS20-mediated
matings. Table 2 shows the results of matings between B. subtilis (natto)
UMB(pLS20, pBC16) and several Bacillus species and strains., pBC16 was
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transferred to all species tested. Transfer of pBC16 was confirmed by plasmid
extraction of Te' transcipients. All Tt transcipients tested acquired pBC16
and retained the genetic markers of the respective recipient strain. Colonies
on membranes represented independent transcipients.

Matings of B. subtilis (natto) with B. anthracis, B. cereus, and B. thurin-

iensis, resulted in comparable numbers of transcipients per ml (1.3 x 103 to

3.4 x 103). The greatest numbers of Teh transcipients/ml were obtained in
matings with B. licheniformis (1.4 x 10“), B. pumilus (1.4 x 10“), B. subtilis

L
168 (9.5 x 10'), and in intraspecies matings in which pBC16 was transferred to a

cured isolate of B. subtilis (natto) (1.7 x 10"). B. megaterium was a

relatively inefficient recipient; 3.5 x 101 transcipienta/ml were detected and
the frequency of transfer was 2.3 x 10'6. The low number of B. subtilis W23
transcipients/ml (3.8 x 102) and the high value obtained for the frequency of
transfer to this strain were attributed to killing of donor cells by the
reciplent, as indicated by cell counts (data not shown).

Cotransfer of pLS20 and pBC16. Transfer of pLS20 from B. subtilis (natto)
was observed only in intraspecies matings and in matings with the
restriction-deficient B. subtilis strain PSL1 UM1. As indicated in Table 3,
when B, subtilis (natto) UM8(pLS20, pBC16) was mated with the cured B. subtilis
(natto) strain UM24, 43.8% of the Te® transeipients tested acquired pLS20 in
addition to pBC16. When the same aonor was mated with B. subtilis PSL1, 28.6%
of the Tel transcipients tested obtained pLS20. Cotransfer of pLS20 with pBC16
from B. subtilis (natto) to B. subtilis 158 UM21 and to B. subtilis IG-20 was
not detected. Similarly, transfer of pLS20 from B. subtilis (patto) to other

Bacillus species was not observed (data not shown).

The restriction-deficien’. B. subtilis strain, IG-20, proved to be a poor
recipient for transfer of pLS20 from B. subtilis and from B. subtilis (natto).
PLS20 was transferred at a low frequency (1.5%) from B. subtilis PSL1 UM3 to B.
subtilis IG-20. However, pLS20 was transferred from a resulting B. subtilis
I1G-20 transcipient, UM3, to B. subtilis 168 at a high frequency. In this
mating, 30.5% of the Tk traascipients tested carried the fertility plasmid.

Cotransfer of pLS19 and pBC1€. In addition to mediating transfer of pBC16,
PLS20 promoted transfer of the 5.4-kb plasmid, pLS19, of B. subtilis (natto)
3335. Since it was not possible to select for pLS19 transfer, we looked for
cotransfer of the plasmid with pBC16. B. subtilis (natto) UM31 harboring pLS20,
pLS19, and pBC16 was mated with a cured strain of B. subtilis (natto), B.
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anthracis, and various B. subtilis strains. Tc© transcipients were examined for
plasmid content by plasmid axtraction. Fig. 2 shows the plasmid profiles of the :
donor strain, the B. subtilis (natto) recipient, UM24, and three representative
transcipients. 1In this intraspecies mating, 26.7% of the Tef B. subtilis !
(natto) transcipierts tested acquired pLS19 in addition to pBC16. In matings '
with the restriction-deficient B. subtilis strains, IG-20 UM2 and PSL1 M1,

46.7% and 44.4%, respectively, of the pBC16% transcipients were pLS13*.

Frequency of cotransfer of pLS19 with pBC16 to B. anthracis UM44-1C9 was 12.5%,

and 6.7% of B. subtilis 168 UM21 Te" transcipients were pLS19%. As expected

from results presented above, cctransfer of pLS20 from the B. subtilis (natto)

donor to B. subtilis (natto) and B. subtilis PSL1 transcipients was also

observed.

5.4-kb plasmids, such as pLS19, in various B. subtilis (natto) strains have
been reported to be associated with polyglutamate (PGA) production (12-14). Tef
B. subtilis (natto) and B. subtilis transcipients were tested for the Pga™
phenotype by growing the isolates on SG medium. We did not find any correlation
between the presence of pLS1Y and PGA production. None of the pLS19*
transcipients acquired the ability to produce PGA (data not shown).

pLSEO+ B, subtilis transcipients as donors of pBC16 ard pUR110. B.
subtilis PSL1 UM12, which acquired pLS20 and pBC16 in a mating with B. subtilis
(ggggg) UM8, was tested for its ability to transfer pBC16 to B. anthracis, B.
subtilis, and B. subtilis (nattc). Results shown in Table 4 indicate that the
presence of pLS20 in B. subtilis PSL1 rendered this strain transfer-proficient.
The numbers of Te¥ transcipients per ml obtained in these matings are comparable
to those obtained when a B. subtilis (natto) donor was mated with these species
(see Table 2).

B. subtilis PSL1 UM12 was cured of pBC16 and transformed with the neonmycin
resistance plasmid pUB110 (10). The resulting strain, PSL1 UM11, was tested as
a donor of this plasmid. Results presented in Table 4 show that this donor
; | transferred pUBi110 at frequencies similar to those for pBC16 transfer. Plasmid
extractions of 8 Nm' transcipients from each mating confirmed the acquisition of
pUB110.

Isolation of pLS20::Tn917 derivatives. A B. subtilis transcipient carrying
pLS20 and pBC16 was transformed with the transposition selection vector, pIVi.
This 12.4~kb plasmid contains the Streptococcus faecalis transposon Tn917 which

carries an erythromycin-inducible gene for resistance to macrolides,
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lincosamides, and streptogramin B antibiotics (MLS resistance). Plasmid pTV1
also carries a chloramphenicol resistance determinant and is temperature
sensitive for replication (42). The transformed strain, B. subtilis PSL1 UM3
(pLS20, pBC16, pTV1), was inoculated into 25 ml of L broth containing
chloramphenicol, erythromyecin, and lincomycin and incubated at 30°C, with slow
shaking (80 rpm). After 24 h, a 5% transfer was made tc the same medium and
incubation was continued at 30°C for 5 h. A 1% transfer was made ihto LG broth
containing only erythromycin and lincomycin and the culture was incubated at
48°C with slow shaking (100 rpm). After 24 h, the 1% transfer was repeated and
the culture was incubated overnight at 48C.

Cells from the induced culture described above were mated with B. subtilis
IG-20 UM1. NMating mixtures were spread on DA membranes placed on LG agar.
Platas were incubated at 30°C for 3 h to allow transfer of plasmid DNA.
Membranes were subsequently transferred to LG agar containing erythromyecin (0.1
ug/ml) to induce MLS resistance. After 2 h of incubation, membranes were placed
on LG agar containing erythromycin (1 ug/ml), lincomyein (10 ug/ml) and
rifampicin (10 pg/ml). Colonies wers scored after 3 days and transcipients were
streaked for single colony isolation. At the time of mating, the donor culture
contained 1.5 x 107 MLS® cfu/ml and 1.1 x 103 ca’ efu/ml, indicating a 99.99%
19ss of pTV1. Four MLSr transcipients were obtained: B. subtilis IG-20 M4,
IG-20 UM5, IG-~20 UM6, and IG-20 UM7. All of these were Cm’, indicating that
pTV1 had not been transferred.

Fig. 3 shows the plasmid profiles of the PSL1 donor, the 1G~20 recipient,
and one of the resulting transcipients, B. subtilis IG-20 UM6. Plasmid
extractions revealed that each of the MLsT transcipients carried a large
molecular weight plasmid which comigrated with pLS20. These plasmids have been
designated pX0501, pX0502, pX0503, and pX0S04. Two of the isolates, IG-20 UM6
and 1G-20 UM7, had also acquired pBC16 and were Te'.

Transfer of pLS20::Tn917 derivatives. The B. subtilis IG-20 MLS"
transcipients, UMU (pX0501), UM5 (pX0502), UM6 (pX0503, pBC16), and UMT (pX0504,
pBC16), were tested for the ability to transfer MLS resistance by mating. The

data presented in Table 5 demonstrate that each of the isolates was fertile. In
matings with B. subtilis 168 uM21, the number of MLs® transcipients/ml ranged
from 2.0 x 102 to 1.0 x 103. Fig. 3 shows the plasmid content of an MLST
transcipient, B. subtilis 168 UMU2, obtained from a mating with B. subtilis
IG-20 UM6. All MLS™ transcipients tested had acquired a large molecular weight
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plasmid, and in matings employing the pBC16* donors, cotransfer of pBC16 was

also observed.

The pBC16* mLs’ donors, B. subtilis IG-20 UM6 and IG-20 UM7, were tested in
similar matings in which selection was for transfe: of pBC16. The results shown
in Table 5 indicate that these strains transferred pBC16 to B. subtilis 168 UM21
at frequencies of 1.1 x 107 to 2.4 x 10'3, compared to a frequency of 4.4 x
10"3 when a donor carrying the unmarked plasmid was tested. Cotranafer of the
large molecular weight plasmids, pX0503 and pX0504, was observed, and all of
these transcipients vere HLSr.

These results indicate that the erm gene of Tn317 can serve as a selectable
marker on pLS20, and we can now select directly for transfer of the fortility
plasmid. One of the Tn317-carrying pL320 derivatives, pX0503, was chosen for
further study. This plasmid was transferred from B. subtilis 168 UM42 to B.
anthracis UM23C1-2 by selécting for MLST transcipients. The frequency of
transfer of pX0503 to B. anthracis was 2.7 x 10'6; only 4 MLS" transcipients
were obtained. However, all of the transcipients acquired the fertility plasmid
and retained the genetic marker of the recipient.

Restriction analysis of pLS20 and pX0503 and hybridization with pTV1.
Results of EcoRI-digestion of pLS20 DNA from B. subtilis PSL1 UMY4 and pXOS503 DNA
from B. subtilis 168 UM42 are shown in Figure 4A. The sizes of restriction
fragments for each plasmid are listed in Table 6. Digestion of pLSZO'with EcoRI
resulted in 17 fragments ranging in size from 1.3 to 7.25 kb. The sum of the
fragment sizoes indicated a plasmid size of 54.65 kb. EcoRI-digestion of pX0503
DNA demonstrated that pX0503 contained 5.15 kb of DNA not present in pLS20. As
indicated in Fig. U4A and Table 6, the pX0503 digest did not contain a 4.1-=kb
fragrent (no. 5) found in the pLS20 digest. However, a larger fragment (no. 14,
9.25 kb) appeared in the digest of pX0503. The difference in size of the two
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é frigments corresponds to the size of Tn917.

g The EcoR1-digested DNA was transferred after electrophoresis to a nylon
E membrane and hybridized with 32P-labelled pTV1 DNA. The autoradiograph

g presented in Fig. 4B, shows that pITV1 DNA hybridized with the altered band in
;; the pX0503 digest, indicating that Tn917 had inserted into the 4.1-kb fragment
3 from pLS20,

ﬁ Discussion. The results presented here demonstrate that the 55-kb plasmid,
% pLS20, of B. subtilis (natto) 3335 promotes transfer of the tetracycline

g resistance plasmid pBC16 to the Bacillus species anthracié, cereus,
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licheniformis, megaterium, pumilus, subtilis, and thuringiensis. Evidence
4 indicating that pLS20 was responsible for plasmid transfer includes: (1) pLS20
strains, but not pLS20” strains, functioned as donors of pBC16; (2) Incubation

+

of donor and recipient cultures in the presence «f [Nase, followed by mating in

the presence of DNase did not affect plasmid transfer; and (3) Cell-free

R . W

filcrates of donor cultures did not convert recipient celis to T

Plasnid pLS20 does not carry a known selectable marxer. Therefore, it was
not pos=ible tu szelect for pLSZO+ transcipienis. Cotransfer of pLS20 with pBC16
froe donors carrying only pLS20 and pBL15 demonstrates that the plasmid s
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self-trunsmissible. Acquisition of piS20 by B. subtilis transcipients rendered
this spacies transfer-proficient, thus providing further proof that pLS20 1=
conjugative. Cotransfer of the fertility plasmid with pBC16 from B. subtilis
(natto) was observad only in intraspecies matings and in matings with a
restriction-deficient B. subtilis strain. These observations and recent
exveriments in whinh pLS20 was transferred to B. anthracis cells which were
heatd prior to mating suggest that pLS20 may be mobilized into various
recipien’ strains, but is subject to restrictinn.

To facillitate direct selection for pLS20 transfer, pLS20 derivatives which
carry the erythromyci: resistance transposcn Tn917 as a selectable marker were
generated. The transposition-selection vector pTV?!, constructed by Youngman
(42), was employed to introduce Tn317 into a fertile B. subtilis strain. Four
isolates carrying a tran-poson-tagged plasmid were obtained. Tn917 serves as a
selectable marker on these pL320-derivatives and we can now select for transfer
of the fertility plasmid. Reatriction analysis of one of the marked plasmids,
pX0503, and hybridization of the digest with the tranaposon vector indicate that
Tn917 inserved into the 4.1-kb FcoRI fragment of pLS20. This plasmid has been
transferred from B. subtilis to B. anthracis by mating. The ability of pX0503
to promote transfer of the resident B. anthracis plasmids is currently under
investigation.

Plasmids other than pBC1f are being tested for pLS20-mediated transfer.
Results presented here de=onstrate that pLS20 med.ates transfer of the
Staphylococcus aureus kanamycin resistance plasmid pUB110 at frequencies
comparadle to those of »3C16 transfer. Plasmids pBC16 and pUB110 are homologous

except for the region occupied by their resistance determinants (25).
Tharefore, pLS20-mediated transfer of pUB110 was not unexpected. We have also
observad cotransfer of the B. subtilis (natto) plasmid pL319 with pBC16 in
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intraspecific and interspecific matings. These reaults suggest that mating may
be a mechanism for the natural dissemination of plasmids among B. subtilis

(natto) strains.

Thus far, attempts ts transfer the constructed plasmids pTV1 and pTV24 (U1t)
in pLS20-mediated matings have been unsuccessful. We have also tested for
transfer of the naturally-oncurr.ag Staphylococcus aureus plasmids pC194 (10)
and pE194 (39). B. subtilis PSLI strains carrying pLS20 and either »TV1, pTV24,
pC194, or pE194 were unable to transfer these plasmids to B. subtilis (natto),
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B. anthracis, or restriction-deficient B. subtilis strains.

Further work comparing transmissible and nontransmissible plasmids will aid
in investigation of the mechanism of pLS20-mediated plasmid transfer. In
ccnjugal transmission of plasmids, nonconjugative plasmids may be transferred by
formation of a cointegrate structure with a conjugative plasmid. This process,
termed conduction, 1s mediated by recombination between homologous sequences
which exist on the two plasmids, or by the assoclation of the two plasmids
during the translocation of a transposable genetic element. Conduction of
Plasmids often results in transcipients which inherit plasmids that differ from
the donor plasmids. Unlike conduction, transmission of plasmids by donation
occurs without phrsical association of the two plasmids. Donation of a
transmiasible plasmid occurs without the benefit of sequences homologous to
those of the donating plasmid and without acquiaition of insertion mutations
8y,

Preliminary evidence indicates that transfer of pBC16 occurs by donation,
rather than conduction. Restriction analysis of pBC16 obtained from three
different transcipients revealed no differences in plasmid size or restriction
pattern when compared to pBC16 DNA from a B. anthracis strain which had acquired
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pBC16 by CP-S1-mediated transduction (data rot shown). Furthermore,
pl.S20~mediated transfer of pBC16 occurred at a high frequency. Because
conduction depends on relatively rare interactions, high frequency transfer is
usually not observed when this mechanism is employed (8).

Transfer of chromosomal genes by pLS20 has not been demonstcated. 1In E.

AT

s ¢oli, tranafer of the chromosome by plasmid F occurs by conduction. F and the

N —_—

; chromosome contain homologous transposable sequences which facilitate generation
ﬁ of F::chromosome cointegrates (8). To test for B. subtilis chromosome transfer,
2 a donor strain carrying pLS20 and a strain carrying pX0503 were each tested for
w

? the abllity to transfer the wild-type allele of the trpC2 marker. katings
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between B. subtilis 168-derived mutants did not result in transfer of the marker

);;(f

tested. We ~re currently testing the ability of pX0503 to transfer chromosomal

DNA from donor strains carrying Tn317 insertions in the chromosocme.
Demonstration of a fertility plasmid in B. subtilis (natto) is of interest
because it makes possible the transfer of genetic material between Bacillus

species which are not closely related. Development of this methced of genetic
exchange will facilitate the introduction of plasmid DNA into nontransformable
Bacillus species by use of transformable fertile B. subtilis and B. subtilis
(natto) strains as intermediates.

pLS20 is the first reported example of a fertility plasmid in a Baecillus
species other than thuringiensis. Many Bacillus species contain a number of

endogenous plasmids whose physiological roles have not been determined. It is
possible that plasmids analogous to pLS20 and the conjugative B. thuringiensis

plasmids are ubiquitcus.

II. Investigation of phage TP-21 whose prophage is a plasmid

In order to realize the full potential of many of the technical advances
in molecular biology, there must be sufficient capabilities in the area of
classical genetics. Within the closely related Bacillus species, B.
anthracis, B. cereus, and B. thuringiensis, transduction of chromosomal

markers has been in use for considerable time (6, 9, 31-33, 40) and plasmid

transduction has been more recent (28). Transformation, although reported for

B. thurirngiensis, is as yet too inefficient to be of much practical use at
this time. Relatively recently B. thuringiensis has been found to harbor

fertility plasmids which can transfer themselves as well as other plasmids (4,
6). Toward the goal of building a framework for genetic manipulation, the B.
thuringiensis plasmid transfer system has been used with B. anthracis in our
laboratory for the transfer of plasmids, foreign as well as native. Because

of our success with this system, the reports from Aronson's laboratory (1-3,
23) of conjugative chromcsomal transfer from B. thuringiensis subsp. kurstaki
HD1-9 to B. cereus 569K, mediated by a 29-Mdal plasmid carried by HD1-9, was
met with great interest. Since our laboratory had found that B. thuringiensis
fertility plasmids function very well in B. anthracis it seemed likely that
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they would mobilize chromosomal markers in B. anthracis if they could do so in
B. thuringiensis.

When we tested B. thuringiensis strain HD1-9 as the donor in matings with
B. cereus 569K auxotrophs as the recipient, we did, indeed, find prototrophic
§. cereus transcipients. The number varied greatly among individual
experiments. Frequently the HD1-9 donor cultu'e would lyse spontaneously, and
in broth matings the mating mixtures usually appeared to contain lysed cells.

Some selective plates in crosses with HD1-9 donors and B. cereus 569 UM27-11
] recipients appeared to have plaques in the faint background growth.

J Therefore, we performed experiments in U~tubes to determine whether cell to
cell contact was required for chromosomal transfer. There was a reduced but
significant frequency of transfer of chromosomal markers across the 0.45 um HA
Millipore filter (Table 7).

, DNase had no effect on the number of prototrophic transcipients when

F added to mating mixtures (data not shown). To test for the possible
involvement of phage, cell free lysates were made from cultures of B.
thuringiensis strains HD1-9 and HD1-9 td1(pBC16) following treatment with
mitomycin C or ultaviolet light as well as from spontaneously lyaed cultures.
Table 8 shows the titers of plaque-forming units (PFU) in the cell-free
lysates assayed on B. cereus 569. A BHI broth culture of strain HD1-9 which
lysed spontaneously had a'phage titer higher than those of L broth cultures
induced with mitomycin C or ultraviolet light. At least two plaque
morphologies were present on some assay plates. The predominant plaque was

ﬁ small and turbid, the other plaque type was also small but it was clear.
Cell-free lysates were highly effective in transducing chromosomal
markers. Plate transductions in which 0.1 ml of early stationary phase B.

cereus recipient cells (auxotrophic and Strf) were apread with 0.1 ml of
cell-free lysate on minimal medium containing streptomycin (1 mg/ml) yielded
up to 1.5 X 10“ prototrophic tranaductanis per ml. This is substantially
higher than the number of prototrophic colonies obtained from broth matings
and about equal to the highest number generated in filter matings. These
lysates were tested for the inactivation of PFU and transducing particles by
antiserum to B. thuringiensis temperate phage TP-12. This phage was isolated

in our laboratory about 10 years ago from a mixed culture of several B.
thuringiensis strains which included subsp. kurstaki. antiseruam to TP-12
reduced the PFU of an HD1-9 lysate about ten thousand-fold and lowered the
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number of transductants per ml to a value not significantly different from the

=

number of spontaneous revertants per ml {(data not shown).

-«

TcF derivatives of strain HD1-9 were prepared by phage CP-51-mediated
transduction of pBC16 (28). The transductants were streaked for isolation
several times in the presence of phage CP-51 antiserum and confirmed to be
free of CP~51. One Tc® transductant, HD1-9 td1(pBC16), was used to prepare
cell-free lysates for tests to determine their ability to transduce pBC16.

The lysates were able to transfer pBC16 to B. cereus 569 UM25-9 and 569K. The
number of Tc™ colonies varied from 80.to 500 per ml. All of several Tc© ,
transductants examined for plasmid content by agarose gel electrophoresis
contained pBC16 in addition to their resident plasmids. Nearly all contained
another plésmid which co-migrated with the 29-Mdal plasmid of B. thuringiensis
subsp. kurstaki HD1-9.

It seems highly unlikely that the majority of transducing particles
carrying pBC16 should also contain the 29-Mdal plasmid. At the multiplicity
of infection employed; cells that received a transducing particle containing

pBC16 probably also received one or more PFU and becames lysogenized. Thus, 1if
the 29-Mdal plasmid is the transducing phage, it should be present in
lysogens. B. cereus 569 lysogens isolated from the centers of turbid plaques
obtained upon assaying HD1-9 lysates contained a plasmid co-migrating with the
29-Mdal plasmid from HD1-9.

Experiments in which we attempted to transduce pBC16 into B. anthracis
with HD1-9 td1 lysates were unsuccessful. This, along with the fact that such
lysates did not form plaques when assayed on B. anthracis UM44-1, indicates
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that B. anthracis is a poor host for the phage responsible for plasmid

i
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transduction in these lysates. However, in experiments which used HD1-9
td1(pBC16) cells as donors of pBC16 to B. anthracis (™il4-1 in broth matings,
numerous Te' transcipients were produced. These pBC16-containing

;;iigeffg

transcipients contained other plasmids of B. thuringiensis HD1-9, but not the
29-Mdal plasmid. When tested as a donor of pBC16 to another B. anthracis
strain a Ult44-1 transcipient was found to be fertile.

It suems probable that both conjugal and transductional transmission of
pBC16 takes place in mating mixtures containing HD1-9 donors and B. cereus
recipients. To determine whether both modes of transmission are also involved
in the transfer of chromosomal markers, experiments which examined the

transfer of chromosomal markers in mating mixtures containing TP-12 antiserum
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were performed. Table 9 shows the results of these experiments. In matings
of B. thuringiensis HD1-9 or HD1-9 td1 donors with B. cereus 569K recipients,
antiserum to TP-12 reduced the yield of prototrophic transcipients to the

number of spontaneous revertants in the control. This indicates that transfer
of chromosomal markers in these mating mixtures occurred only by transduction.
When the same mating mixtures were spread on L agar with tetracycline, all
mixtures with HD1-9 td1 as donor, both with and without antiserum, produced
Teo' transcipients. These results show that plasmid transfer can take place in
the absence of phage mediated transfer.

We conclude from the results presented above that the tranafer of

chromosomal markers from B. thuringiensis srbsp. kurstaki HD1-3 to B. cereus

569 recipients is mediated by transducing phage and not by a mating process
mediated by a 29-Mdal plasmid as reported by Aronson, et al. (1-3, 23). We
have identified two transducing phages carried by kurstaki HD1-9 and there is
evidence that at least a third tranaducing phage may be present. The prophage
of one of the transducing phages'exists as a 29-Mdal pladmid; we have named
this phage TP-21. The phage 1s antigenically cross reactive with phage TP-12
and antiserum to TP-12 inactivated plaque-forming units and prevented the
transduction of chromosomal markers. However, TP-12 and TP-21 are not the
same phage; TP-12 prophage has not been observed to exist as a plasmid, and
the two phages have different host ranges and very different plaquing
characteristics.

TP-21 lysogens. Most B. thuringiensis strains carry one or more phages.
R. B. Reynolds (Ph. D. thesis, University of Massachusetts, Amherst, 1982),

working in my laboratory, identified five unique phages carried by a
polylysogenic strain. Thus, we had to isolate TP-21 and free it from other
phages carried by strain HD1-9. At appropriate dilutions cell-free filtrates
from cultures of kurstaki HD1-9 produced plaques of two different morphologies
on soft agar lawns of B. cereus 569. The more abundant was a small turbid
plaque. Colonies isolated from the centers of plaques were tested for phage.
Tnose isolates which produced phage were all found to contain the 29-Mdal
plasmid. Phage lysate from one of these isolates was used to purify TP-21 by
single plaque isolation on lawns of B. cereus 569. After three cycles of

purification B. cereus strains lysogenic for TP-21 were isolated and again
found to contain the 29-Mdal plasmid. '
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Both HD1-9 and TP-21 lysogens of B. cereus 569 release a phage which
produces a clear plaque on soft agar lawns of B. cereus 569. TP-21 lysogens
are immune to this phage and it is neutralized by TP-12 antiserum to the same
extant as TP-21 (99%). This phage has been designated TP-21c, a clear plaque
mutant of TP-21. When subjected to analysis with several restriction
endonucleases, DNA extracted from particles of the ¢clear-plaque mutant gave
restriction patterns indiatinguishable from thoss of the 29-Mdal plasmid
(prophage) extracted from B. cereus 569 TP-21 lysogens. Fig. 5 shows a
schematic drawing of the results obtained with Xbal endonuclease. DNA
isolated from TP-21 phage particles is probably linear; it migrates in
electrophoretic agarose gels at a rate approximating that of bacterial
chromoscal DNA. This is analogous to phage P1 o2 E. coli. F1 prophage exists
as circular plasmid DNA, but phage particles contain linear DNA.

Transposition of Tn917 into the TP-21 genome. To better study the

usefulness of TP-21 it seemed advantageous to mark the phage genome in a way
that would allow direct selection of all lysogens. This has the further
advantage of allowing the detection of all infected cells whether they are
able to form a plaque or not. TP-21 does not plaque on the B. anthracis
strains tested although lysogens could be isolated from strain 4229. The
clear-plaque mutant, TP-21c, formed plaques only on strain 4229 but turbid
lysis was demonstrated in spot tests of a few other strains. Phage marked
with the erythromycin resistance transposon could be used conveniently to
determine the host range of TP-21.

A TP-21-sensitive host carrying Tn317, B. cereus 569 UM20-1
(pLS20::Tn917, pX012, pBC16), was lysogenized with the phage. Two
independently isolated lysogens were examined and found to contain the 29-Mdal
plasmid characteristic of TP-21 lysogens. In urder to increase the -ikelihood
of Tn317 transposition into the phage genome and to allow this event to take
place in many independent clones, one of these lysogens was serially cultured
in BHI broth containing erythromycin (0.05 ug/ml). These cultures were
maintained by transferring 0.2 ml into 25 ml of fresh broth for several
passages. After three days the culture was grown in broth containing 25 ug of
erythromycin per ml to eliminate any cells which might have lost the
transposon, and the culture filtrate was assayed for plaque-forming units.

The titer was 1 X 109 PFU/ml, and this lysate was used to transduce B.
anthracis 4229 R1 and B. cereus 569 to erythromycin resistance. B. anthracis
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4229 R1 was transduced by a procedure similar to that which is used for the
transduction of pBC16 by CP-51; i.e., the transducing lysate and recipient
cells were spread on filter membranes placed on a nonselective medium. After
an appropriate amount of incubation timé to allow for phenotypic expression,
the filters were than transferred to selective medium. Subsequently a new
method was devised which is simpler. Transducing lysates and recipient cells
were mixed together and adjusted to contain 0.1 ug of erythromycin per ml.
The mixture was then incubated for 45 min with shaking to allow the phage to
adsord. The low concentration of erythromycin induces resistance in cella
containing Tn917, but it is not inhibitory to those cells without the
transposon. After this period of incubation 0.2 ml of the transducing mixture
was added to 2.5 ml of soft agar containing 0.1 ug of erythromycin per ml and
this was poured on an agar plate containing selective levels of antibiotic (2
ug of erythromycin and 25 ug of lincomycin per ml). Colonies of tansductants
could be seen after 16 h with B. cereus and after 24 h with B. anthracis.

The frequency of transduction (about 7 x 10-6 transductants per PFU) was
the same by both methods and with both species. The transductants of each
3pecies were immuns to TP-21c in spot tests. However, moat isolates appeared
to contain defective phage and were unable to produce plaque-forming units.

Of several examined, only three B. anthracis 4229 Rt and six B. cereus
erythromycin~-resistant TP-21 immune isolates were able to produce phage.

To test whether the transposon had integrated into the phage genocme,
lysates from the nondefective lysogens were assayed on B. cereus 569 in soft
agar lawns containing inducing but subinhibitory concentrations of
erythromycin. Plaques were picked to plates containing selective
concentrations of the antibiotic to determine whether the lysogens formed in
these plaques were res.stant to erythromycin. All of the B. anthracis
erythromycin-resistant TP-21 lysogens produced phage which converted
essentially every newly generated lysogen to erythromycin resistance. Four of
the six B. cereus 569 erythromycin-resistant TP-21 lysogens, like the B.
anthracis lysogens, were able to produce phage which presumably contained
™917. _
Agarose gel electrophoresis of plasmid extracts of the B. anthracis and
B. cereus erythromycin-resistant transductants revealed newly acquired plasmid
DNA which in size was equal to, larger than, or smaller than that of wild-type
TP=-21 DNA regardless of whether it was produced by a defective or a
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nondefective lysogen. This demonstrates that some of the phage genomes
acquired deletions as well as the transposon, either of which may have
contributed to the defective character exhibited by the majority of lysogens.
The insertion of Tn317 into the phage genome may not inactivate any functions
if, like coliphage P1, TP-21 is terminally redundant and circularly permuted.
However, the acquisition of a deletion by a viable phage demonstrates that the
wild-type TP-21 genome contains some nonessential DNA.

Determination of the host range of TP-21::Tng917. To determine which
strains are sensitive to TP-21, a Tn917-marked derivative was used to select

cells which had acquired erythromycin resistance and therefore also TP-21.
Recipient cells and phage lysate were incubated together under erythromycin
resistance-inducing conditiorns and then plated in soft agar on selective
plates containing erythromycin and lincomycin. The results of this survey are
shown in Table 10.

All of the eleven B. anthracis strains tested, with the exception of
AAmes-1, were sensitive to TP-21. Strain 4229 was the most sensitive of the
B. anthracis strains tested. B. cereus 569, as well as a TP-21 lysogen of 569
uere sensitive, as expected. However, B. cereus strain T appeared to be
insensitive. All three of the B. thuringiensis strains tested were sensitive.

In more recent tests a number of other B. thuringiensis strains were tested

and the majority of them were sensitive (data not shown). Thus, TP-21 appears
to have an unusually broad host range.

Some of the strains yielded lysogens (transductants) at a very low
frequency. It seems likely that in those cases either most of the cells weré
resistant and only sensitive mutants were selected or that the cells were
resistant and host-range mutants of the phage were selected. If either of b
these possibilities is true, then it is likely that those strains which
appeared to be completely resistant might in future tests yield transductants.

These two possibilities could be distinguished experimentally, but the
experiments have not yet been done. Nevertheless, examination of a number of
transductants, including some of those from the relatively insensitive
strains, showed that they contained the 29-Mdal plasmid (prophage).

Fig. 6 is a schematic representation of an agarose gel showing the
presence of the 29-Mdal plasmid in cells lysogenized with TP-21 or
TP-21::Tn917.




Defective TP-21::Tn917. During the process of isolating Tn917-tagged
TP-21, several lysogens carrying defective phage were isolated. These
defective lysogens do not form infectious TP-21, but the defective phages are
maintained as plasmids. They encode MLS resistance and express immunity to
lysis by the clear plaque mutant TP-21c. These defective phage may prove
useful in determining the essential and nonessential regions of the TP-21

genome.
If the defective phage fails to form plaques as a result of the inability
to produce aome diffusible product, a cell infected with both mutant and
wild-type phage should liberate a mixture of the two since the wild-type phage
should be able to complement the defective phage. This i1s generally
accomplished by superinfecting a derepressed defective lysogen with wild-type
phage. TP-21 lysogens are not subject to derepression by either UV light or
mitomycin C, but moderately high phage titers are obtained spontaneously
following growth at 30°C for 16 h in BHI broth with 0.1% glycerocl. 1In a
preliminary test to determine the feasibility of this strategy a culture of B. /

anthracis 4229 R1 containing a TP-21::Tn917 defective prophage was grown with /
TP~21 helper phage. Cell-free filtrates from this experiment were assayed and /

essentially no phage was recovered. These results may not represent the

interaction of all of the defective phage 1solates with wild-type TP-21 and '

other isolates will be tested for complementation. i
The bacteriophage CP-51, a geuneralized transducing phage for B. ,

anthracis, B. cereus and B. thuringiensis, has been shown to transduce

antibiotic resistance plasmids. Since the defective TP-21 prophages exist as

plasmids, CP-51 was tested for the ability to transduce defective

TP-21::Tn917. CP-51 was propagated on B. cereus 569 lysogens harboring

defective TP-21 and the lysates were used to test for the transfer of MLS

resistance to B. thuringiensis HD1-9 by plasmid transduction. B.

thuringiensis HD1-9 is the parent strain lysogenic for TP-21 and it was used
as a recipient in order to examine the effect of the defective prophage on the
natural host of TP-21. Representative erythromycin-resistant transductants
were isolated and purified. When the transductants were examined for plasmid
content the HD1-9 resident 29-Mdal plasmid was found to have been replaced by
d slightly smaller plasmid the size of the defective prophage contained in the
donor, This demonstrates that the incompatibility region of the TP-21
prophage was functional in these mutants. The erythromycin-resistant HD1-9
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transductants no longer produced TP-21 but they did continue to produce the
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other temperate phage carried by the parent strain. These HL1-9 defective
lysogens should be of gr2at help in the examination of the other temperate
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phage carried by this strain.

:: Attempts to isolate TP-21::Tn917 mutants which are temperature sensitive
s‘ for replication. We are very interested in obtaining a mutant of TP-21::Tn317

which is temperature sensitive for replication. Such a mutant would be a

valuable and powerful tool for transposon mutagenesis. Because the phage has
~ Such a wide host range, it would be useful for transposon mutagenesis in B.

anthracis, B. cereus, ard B. thuringiensis. We are now concentrating on the

isolation of such mutants. Our first attempts have been unsuccessful but I am

N PRI

optimistic that we should be able to obtain such mutants. Generally phage

X

Eﬁ nutants that are temperature-sensitive for replication are relatively easy to
"Eﬁ isolate. Our problem is somewhat complicated by the fact that TP-21 plaques
3 very poorly. We are attempting to find better conditions for plaque
| ﬁ formation. |

«
Sl

In our search for temperature-sensitive mutants we will also screen for
mutants thuat are temperature inducible. The availability of such mutants

S

W

would simplify the problem of propagating TP-21.
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&3 III. Physical and genetic ~haracteristics of the Bacillus thuringiensis
¥ subsp. thuringiensis fertility plasmids pX011 and pX012

)

2

We reported previously on the identification of two self-transmissible
plasmids, pX011 (56 Mdal) and pX012 (75 Mdal), indigenous to B. thuringiensis
4042A subsp. thuringiensis. Restriction analysis of two crystalliferous
(Cry*), transfer deficient (Tra™) deletion derivatives of pX012 has shown that
gene(s) responsible for conjugal transfer functions are located on a 48.5-kb
Aval fragment. DNA-DNA hybridization experiments have shown that a copy of

4
i

the B. thuringiensis transposon, Tni430, is located on a 5.7-kb BglII fragment
contained within the 48.5-kb Aval fragment of pX012. Analysis of two
acrystalliferous (Cry~), transfer proficient (Tra*), erythromycin resistant
(EmT) derivatives of pX012 has indicated that a 16.0-kb Aval fragment encodes
information required for the synthesis of parasporal crystals, and the 16,0-kb
and the 48.5-kb Aval fragment are adjacent on pX012. Based on these results,
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it appears that Tnd430, the transfer genes, and the parasporal crystal gene
are located in the same vicinty on pX012. DNA-DNA hybridization experiments
have shown that the homology exhibited by the four conjugative B.
thuringiensis plasmids pX011, pX012, pX013 and pXO14 can be attributed in part
to the presence of Tni430. The transfer efficiency of pX012 has been
determined by using marked derivatives of pX012 which harbor the Eaxf
transposon Tn917; tranafer frequencies ranged from 9.2 x 105 to T.1 x 10-2,
Restriction analysis of pX012 plasmid derivatives. One approach to
mapping the transfer gene(s) of pXO11 and pX012 is by restrietion analysis of
transfer deficient (Tra™) derivatives of these plasmids. Comparative analysis
of Tra™ and wild type Tra* plasmids should permit the preliminary assignment
of conjugal transfer function(s) to specific restriction fragrent(s) on these
plasmids. Due to the availlability of both partially and completely transfer
deficient pX012 deletion derivatives, we have decided to first concentrate on
map.ing the transfer gene(s) ot pX012 and then use this information to examine

the transfer region(s) of pX011.

Previous restriction analysis of two independentiy isolated Tra™ Cry*
pX012 deletion derivatives (pX012A43 and pX012A203) revealed that both mutants
have undergone a 20~ to 25-kb deletion in the following restriction fragments:
(1) 70.0-kb PstI fragment, (2) 59.8~kb Clal fragment, and (3) U48.5~-kb Aval
fragment. These results suggest that these three restriction fragments encode
gene(s) required for conjugai transfer ability. To delinecte more precisely
the location of the transfer genes on pX012, the smallest restriction fragment
(48.5-kb Aval fragment) was chosen for further genetic and physical analysis.

Restriction analysis of two Cry~, Tra*), Em’ pX012 plasmid derivatives
(pX012-706 and pX012-730) has indicated that a 16.0-kb Aval fragment encodes
information required for the synthesis of parasporal crystals. A schematic
representation of the Aval restriction patterns of the pX012 derivatives
designated pX012A43, pX012A203, pX012-706 and pX012-T30 is shown in Fig. 7.

To confirm the loss of the 48.5-kb Aval fragment in the Tra™ Cry*
deletion derivatives, pX012A43 and pX0124A203, a blot of the Aval digests of
pX012, pX012A43, pX0124203, pX012-706 and pX012~730 (Fig. 7) was probed for
hybridization with 32P-48.5-kb Aval fragment of pX012. The 32p-U48.5-kb Aval
fragment hybridized to the newly generat:d fragments on pX012A43 and pX012A203
(25.0, 23.6 and 14.0 kb) and to the unaltered 48.5-kb Aval fragment of the
Tra* Cry~ derivatives pX012-706 and pX012-730. The concomitant loss of the
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48.5-kb Aval fragment and the 16.0-kb Aval fragment in the deletion derivative
pX0124203 suggests that these {wo fragments are adjacent to one another on
pXo1i2.

A more detailed analysis of the U48.5-kb Aval fragment using the

restriction endonuclease BglII was undertaken for the following reasons.
Identification of smaller BglII fragments contained within the 48.5-kb Aval
fragment of pX012 could be useful in future Southern hybridization experiments
and also in DNA cloning experiments. For example, subcloning various
combinations of the BR1II fragments generated by partial digestion of the
48.5-kb Aval fragment may give rise to Tra* recombinant plasmids more readily
than shotgun cloning of whole pX012 DNA.

Schematic representations of the BglII restriction patterns of pX012, the
48.5-kb Aval fragment, pX012A43 and pX012A203 are shown in Fig. 8. Digestion
of pX012 with the restriction enzyme BglIl gives rise to 21 restriction
fragments ranging in size from 19.6 kb to 0.8 kb. There were 12 BglII
fragments within the 48.5-kb Aval fragment of pX012. BglII restriction
analysis of pX012A43 and pX0124203 ravealed that both Tra™ Cry* deletion
derivatives have lost the same 9 BglII fragments; 7 of the 9 fragments (8.7,
5.7, 4.2, 3.7, 3.3, 3.1 and 3.0 kb) were contained within the 48.5-kb Aval
fragment of pXN12. According to these results, irformation required for
conjugal plasmid transfer may be more precisely mapped to 7 BglII fragments
(representing approximately 31.7 kb) within the 48.5-kb Aval _ragment of -
pX012.

Although the above results strongly suggest that the 48.5-kb Aval
fragment of pX012 carries sequences of at least one gene required for conjugal
plasmid transfer, the extent of the transfer region(s) contained within this
fragment is presently unknown. In the hope of pesitively identifying one
genetic element within the 48.5-kb Aval fragment, we decided to probe this
fragment with the recently discovered B. thuringiensis transposon Tnﬂﬂ}g (18)

for the following reasons. Previous Southern hybridizacion experiments have
shown that pX012 harbors one copy of Tnll30. In addition, recent work in our
laboratory has implicated this transposon in having a role in the transfer of
large plasmids by pX012. Therefore, it would be interesting to determine
whether Tnil430 1s located in the same vicinity as the tranafer gene(s) on
pXo1i2.
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shotgun cloning experiments have been performed using: (1) the tetracycline
resistance plasmid pBC16 (2.8 Mdal), (2) the erythromycin and tetracycline
resistance plasmid pTV24 (8.9 Mdal), and (3) the chloramphenicol and kanamycin
 resistance plasmid pBD64 (3.2 Mdal) as plasmid vectors. Most success in

obtaining recombinant DNA molecules has come through the use of the plasmid
vector pBD6Y4; insertion of foreign DNA into it's unique BglIl site inactivates
the expression of the kanamycin resistance gene (11). However, thus far no
Tra* recombinant plaamids have been detected with any of the vectors listed

‘
;

To determine whether Tnli/i30 is located within the 48.5-kb Aval fragment %

of pX012, BglII restriction digests of pX012, the U4B8.5-kb Aval fragment of b
pX012, pX012A%3 and pX012A203 were probed for hybridization with 32p.1abelled 3
PHTU4 (pUC18::Tnll430). The results of this DNA-DNA hybridization experiment j
are shown in Fig. 8. 32p.1abelled pHTU44 hybridized to a 5.7-kb BglII fragment i
contained within the 48.5-kb Aval fragment of pX012. No positive sigral was 8
detected in the two Tra™ Cry* deletion derivatives, pX012443 and pX0124203, <
which have lost the 5.7-kb BglII fragment. The above results suggest that: S
(1), at least one or more transfer genes are located within the Aval fragment P
of pX012, and (2), the B. thuringiensis transposon Tni430 is in close 2
proximity to the transfer gene(s) on pX012. ;
Molecular cloning of pX012 DNA. One other approach to mapping the §
transfer gene(s) of pX012 is shotgun cloning of partially digeated pX012 DNA a
ir B. subtilis using multicopy antibiotic resistance plasmid vectors. Several ;
|

s_v_n_v "=

above.

Homology among the B. thuringiensis conjugative plasmids. In view of the
ubiquity of large molecular weight self-transmissible plasmids among naturally
occurring strains of B. thuringiensis, it would be interesting to determine
the extent of homology among the transfer genes on these plasmids.

Preliminary rosults from Southern hybridization experiments have shown that
pXO11 shares considerable homology with pX012 and two other B. thuringiensis
conjugative plasmids, pX013 ~d pXO14 (26). For these experiments pX011 DNA
was labelled with 32P and then hybridized to nitrocellulose blots of PstI and
EcoRI restriction digests of the B. thuringiensis conjugative plasmids, pX011,
pX012, pX013, and pXO1d.

The large extent of homology observed among pXOti, pX012, pX013, and
pX014 may be attributable to DNA sequences unrelated to conjugal transfer
functions such as: (1) parasporal crystal genes, (2) inverted repeat
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sequences, and (3) transposon-like elements (17, 20-22). In fact, subsequent
DNA-DNA hybridization experiments have revealed that all four of the
conjugative plasmids hai-bor one copy of the B. thuringiensis transpcson Tni430
(Fig. 9). For this experiment, pHT44 (pUC18::Tn4430) was radiolabelled with
32p and then hybridized to nitrocellulose blots of Pstl restrictior. digests of
the four plasmids. Lereclus et. al. (21) have determined that Tni430 harbors
an internal PstI site. Therefore, the presence of Tnil30 on the PstI-cut
plasmids should result in the hybridization of two fragments. As expected,

two PstI fragments showed homology to 32P—pHTMH for each plasmid testad.

Due to the molecular relatedness between B. thuringiensis plasmids in

general (13), whole plasmid DNA i3 not a good probe for specifically
determining the extent of homology among the transfer genes on these plasmids.
Analysis of p¥012 and the Tra™ Cry* deletion derivatives, pX012A43 and
pX0124A203, with the restriction endonuclease Aval has indicated that the
48.5-kb Aval fragment of pX012 carries gene(s) required for conjugal transfer
ability. This putative Tra* restriction fragment should provide a more
specific probe for examirning the molecular relatedrness of the transfer genes
on pX011, pX012, pX013 and pX014.,

A blot of the BglII restriction patterns cf pXO11, pX012, pX013 and pXO14
was probed for hybridization with the 32?-“8.5-kb Aval fragment. The results
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of this hybridizat.on experiment are shown in Fig. 10. Ax expected, 12 BglII
fragments of pX012 tybridized to the 32P-48.F-kb Aval frugment. For the
plasmids pXO11, pX0i2 and pXO14, tne 32P-48.5-kb Aval fragment hybridized with
2 and 3 BglII fragments, respectively.

A blot of the BglII restriction bands of pX011, pX012, pX013 and pXO14 was
also probed for hybridization with 32p_1abelled pHT44 (pUC18::Tn4430) and the
results from this experiment are included in Fig. 10. 329-paruu hybridized to
one BglII fragment on each of the four conjugative plasmids. For each

plasmid, the particular fragment exhibiting a positive signal when probed with
32p_pHTHY also showed homology to the 48.5-kb Aval fragment of pX012. The
fact that all four plasmids exhibited one or more distinct fragments that were
homologous to the 48.5-kb Aval fragment but not homologous to Tnil30 suggests
that pX011, pX012, pX013 and p{014 harbor other homologous genetic elements,
i.e., transfer gene(s) and insertion-like elements.

Genetic marking of pX012 with Tn917. In contrast to the antibiotic
resistance and bacteriocin determinants of other gram-positive and
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gram-negative conjugative plasmids, nc readily seiectal’e phenotypes
assigned to any of the B. thuringiensis conjuzative plasmids. To dat
only plasmid-encoded T.actiors for some but not all B. thuringiensis

are the cryptic transposon Tnl430 and the production of an insecticidal toxin

bnown as une delta-endruixin or parasporal crystal. Although parasporal

erystals are sasily detected by phase contrast microccopy, this does

provide a sslectable trait for plasmid transfer. To cvercome this problem,

transfer of the B. thuringiensis conjugative plasmids studied in our

have been
e, the
plasmids

not
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laboratory hacs been monitored indirectly, i.e., by the transfer of the

tetracycline resistance plasmid pBC16.

However, genetic marking of the B. thuriagiensis conjugative plasmids, is

highly desirable since it would enable us to monitor their transfer directly.

Transpos.ition of the erythromvein resistance traasposon Tn3l7 into these

plasmids w2uld provide a genetic marker for these plasmids.
A "mating out" assay was designed to construet B. anthracis and

strains harboring pX012::Tn917 derivatives. For this procedure pX0503, a
deriv-cive of the B. subtilis (natto) conjugative plasmid, i.e., pLS20::Tn917,
was used as a transposition vector. To construct pX012::Tn317 derivatives, a

mating was performed between the doncr B. anthracis Weybridge UMdl4-1

tr203-23(pX01, pX012, pBC16) and the recipient B. anthracis Weybridge A
UM23C1-2 tr135K-1 (pX0503). A transcipient designated B. anthracis Weybridge

A UM23C1-2 tr689B-3 was isolated whichk, according to agarose gel
electrophcresis, contained the plasmics -X012, pX0503, and pBC16.

To induce transpositisn of Tn§17 or“» pX012, the transcipient tr689B-3
was grown Z. the presencs of an induclng concentration of erythromyein (20
ng/ml) and mitomyein € (10 ng/ml) {(28) and the induced culture was used to
prepare mating mixtures with B. cereus 569 UM20-1. The rationale was that
matings in broth would favor the transfer of pX012 over that of the pLS20
c¢arivat!ve pX0503. Previous work in our laboratoery has indicated that in
cuntrast to pX012, HLS20 mediates the transfer of itself and other Bacillus
plasmids more readily on solid medium than in broth. Therefore, it would be
likely that Strf Em” TetS transcipients derived from induced B. anthracis
Wuybridge A UM23C1-2 tr689B-3 (pX012, pX0503, pCB16) donors would inherit

pX012::Tn917 der.vatives.

An averages of 5.4 x 102 Strf Em® TatS3 B. cereus transcipients per ml were

derived from the inducedVg. anthracis donor. Plasmid analysis of several of
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the transcipients revealed that they had inherited a plasmid slightly larger
than the native pXOiZ. Mating experiments with the putative pX012::Tnngf B.

cereus transcipients as donors indicated that they were effective donors of

A e o LR 0

the En" marker to B. anthrac's recipients.

Physical characterization of twu Tng17-labelled derivatives of pX012
designated pX012-706 and pX012-730 from B. anthracis Weybridge A UM23C1-2
tr7068-5 and B. cereus 569 U M20-1 tr730B-14, respectively, has been carried

S

T
" i

e

Ry out. Aval reatriction analysls was performed to confirm the acquisition of
f ;: Tn917 DNA in pX012-706 and pX012-730. Perkins and Youngman {24) have found
§r$: that Tn917 has four cleavage sites for Aval. Two of the sites are 7 base
b pairs from tlie ends of the terminal inverted repeats. Therefore, digestion
;ﬁ with Aval would permit unambiguous identification of Tn917 on pX012::Tngi17
;& derivatives by essentially excising the entire transposon into three distinct
‘fﬁ restriction fragments (2.2, 1.8 and 1.2 kb). Results of our analysis showed

that pX0503, pX012-706 and pX012-730 all released 2.2-, 1.8- and 1.2-kb
fragmencs upon digestion with Aval. These data confirmed the presence of
Tn317 on these three plasmids.

To determine the transfer efficiency of pX012 by direct selection,

matings were performed between B. anthracis and B. cereus donors carrying the
transposon-tagged derivatives of pX012 and erythromycin sensitive B. anthracis
and B. cereus recipients. The results of these mating experiments are shown

P F T E Rl LA il
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in Table 11. The transfer efficiency of pX012 (as measured by the transfer of
Em") was comparable to that of pXO12-mediated transfer of pBC16; transfer
frequencies ranged from 9.5 x 1072 to 7.1 x 10~2 with B. anthracis and B.

cereus recipients.
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IV. Transf~r of pX01 and pX02 ty the B. thuringiensis fertility plasmid pXD12

Plasmid pX012, is able to mediate the transfer of pXO1 and pX02 into B.
cersus and cured B. anthracis recipients. 1In contrast to the relatively high
frequency of pBC16 transfer, the number of transcipients which acquired the B.
anthracis plasmids was significantly lower. In saveral cases a l.z-kb DNA
sequence originating from pX012 was found to have transposed onto pX01 and
pX02 after transfer. This U4.2-kb sequence was determined to be identical to
the recently described B. thuringiensis transposon Tn4i30. Transcipients were
also obtained which harbored cointegrate plasmids of pX01 and pX012 which were
capable of transferring the PA* (protective antigen) phenotype of pX01 to 50%

of the total Tel transcipients.

Transfer of pXO1 mediated by pX012. To demonstrate the ability of the B.
thuringiensis fertility plasmid pX012 to mobilize pXO1, several strains of B.
antihracis which contained pX012, pBC16, and pX01 were used as donors in
matings with cured strains of B. anthracis. Transcipients were selected for
the acquisition of pBC16, and screened for their ability to produce halos on
immunoassay agar. As shown in Table 12, pX012 was able to mobilize pX01. 1In
ccntrast to tha relatively high frequency transfer of pBC16, the number of
transciyients which acquired pXO1 was quits low. Examination of the plasmid
content of the presumed pXOl-containing transcipients revealed several plasmid
profiles (Fig. 12). ¥hile some transcipients inherited plasmids which could
not be distinguished from the parent plaamids, others apparently acquired
recombinant or cointegrate plasmids of pX01 and 91012.

Isolation of a PA* Cry* Tra= transcipient containing a recombinant
plasmid of pXO1 and pX012. Examination of the plasmid profile of one of the
PA* transcipients obtained in mating 156G (Weybridge UM44-1 C9 tr156G-2)
showed that it harbored a single plasmid migrating in electrophoretic gels
above chromosome DNA approximately the size of pX0i2. In addition to its
ability to produce protective antigen, this transcipient was Cry* but unable
to mobilize pBC16. To determine if this plasmid was a recombinant of pX01 and
pX012 the transcipient was cured of pBC16 by incubation at 42C to generate
UMU44-1 C9 tri156G-2 H1. Plasmid DNA was then extracted &nd analyzed by EcoR1
and Pst1 digestion. The restriction profile was compared to similarly
digested pXO1 and pX012 DNA. By both EcoR1 and Pst1 digestion ths plasmid
from tr156G-2 (designated pX01-pX012 for the present) was shown to contain
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both pX01 and pX012 DNA. By EcoR1 restriction digestion analysis pX01-pX012
contained approximately 107 kb, consisting of 40.5-65.5 kb of pXO1 DNA and
41,5-66.5 kb of pX012 DNA. Without a reatriction profile map of pX01 and
pX012 however, it is not possible to determine exactly how this plasmid was
formed.

Isolation of cointegrate plasmids of pX01 and pX0i12. In several

indeéendent matings transcipients were obtained which inherited plasmids that
were larger than pX01 and pX012 suggesting the formation of cointegrate
molecules. Examinaton of two other UMMlU-1 tr156G transcipients, tri156G-5 and
tr156G-6, revealed that each of them harbored two plasmids migrating in
electrophoretic gels above chromosomal DNA, one slightly above and one below
the position of pX01. When these strains were used as donors in matings with
B. anthracis UM23 C1-2 approximately 50% of the Tel transcipients acquired the
ability to produce protective antigen (see matings 169G and 170G, Table 12).
To determine whether either or both of the large plasmids were transferred to
B. anthracis UM23 C1-1 in mating 169G, we examined 12 PA* and 4 PA” 169G

transcipients for their plasmid content. In every case the PA* transcipients

.
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appeared to contain only the larger of the two plasmids migrating above
chromosomal DNA, while the PA™ transcipients were devoid of plasmii DNA
migrating above the chromoscmal DNA. In addition all of the PA* transcipients
were Cry* while all of the PA™ transcipients examined were Cry~. From these
results it seems probable that a cointegrate plasmid had been formed between
pX01 and pX012.

Examination of the plasmid profile of transcipients from mating 220G
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again suggested that cointegrate plasmids of pXO1 and pX0i2 had been formed in
the course of transfer. Examination of the plasmid profile of the PA* Cry*

transcipients from mating 220G showed that 4 of the 5 transcipients harbored a
single plasmid above the chromosome which was larger than both pX012 and pXO1.
As in the case of the 156G transcipients, UM23 C1-2 tr220G-2 and tr220G-4 were
also able to transfer the PA* phenotype at very high frequencies (see matings
229G and 231G, Table 12).

Restriction analysis of pX01.3 from B. anthracis UM23 Cl1-2 tr201G~-1.
Examination of the plasmid profile of B. anthracis UM23 C1-2 tr201G-1,
obtained from a mating between B. anthracis UM2 tr244-1 and B. anthracis UM23
C1-2 (Table 12), showed that it contained a single plasmid migrating above the
chromosome. To determine whether this plasmid was pX01 and whether any
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alterations had occurred as compared to pXOt1.1 from the donor strain, the
transcipient UM23 C1-2 tr201G-1 was cured of pBC16 by incubation at 42°C to
isolated the preseumed pX01 plasmid bilologically. This generated strain UM23
C1-2 tr201G-1H3. Plasmid DNA extracts from the strain were digested with
EcoR1, Pst1, and Kpn1 and subjected to gel electrophoresis. The digested DNA
was compared to similarly digested pXO1 from B. anthrzcis UM2 (considered to
carry wild-type pX01) and pXO1.1 from B. anthracis UM2 tr244-1 CN3H2.
Examination of the restriction profile of the plasmid from UM23 Ci1-2
tr201G-1H3 revealed that it was in fact a pX01 derivative (Fig. 13), from
hereon designated pX01.3). The results also suggested that pX01.3 had
acquired the presumed transposon from pX012. When the plasmid was digested
with Kpni a fragment of U4.2 kb was generated which was not present in pXO1.1.
This was presumably the same fragment present in pX01.2 from the
high-frequency donor reported previously, UM23 Cl1-1 tri7G-34N2 (34; 36).

It has been shown that pX01.1 in the donor strain B. anthracis UM2
tr244-1 acquired 2.65-2.8 kb of pX012 DNA. By restriction digestion analysis
we have determined that the 5.4 kb Pst1 fragment of wild-type pXO1 was
replaced by a fragment of 8.2 kb. Similarly, the 7.95 kb’§ggﬂ1 fragment which
is present in wild-type pX01 was replaced by two additional fragments of 6.45
and 4.15 kb. The toxin plasmid showed further changes in the high-frequency
donor reparted previously (34, 36) and referred to above, transcipient B.
anthracis UM23 C1-1 tri7G-34, This altered derivative of pX01 is designated
pX01.2. There was a loss of the 8.2 kb Pst1 fragment, a gain of two new
fragments of 7.5 and 4.5 kb, and the 6.45-kb EcoR1 fragment was replaced with
a fragment of 10.6 kb. There was no change in the 4.15-kb EcoR1 fragment seen
in the low-frequency donor. In both the Fst1 and EcoR1 digests the
alterations in pX01.2 in the -‘high frequency donor resulted in an additional
3.8=4.15 kb of DNA over that seen in pX01 from the low frequency donor, or a
total of 6.6-6.9 kb additional DNA as compared to wild-type pXOl. Schematic
representationa of the restriction fragment profiles of pX0i.1 from UM2
tr2ii4-1 and pX01.2 from UM23 C1-1 tr47G-34 are shown in Fig. 14. Comparison
of the Pstl and EcoR1 digests showed that the second alteration in pX01.3 from
UM23 C1-2 tr201G-1 was in a different region of the tox!n plasmid as comparved
to pX01.2 from UM23 Cl1-1 tri7G-34. Whereas the fragments unique to pX01.1 as
compared to pX01 were in turn altered in pX01.2 from UM23 C1-1 tri#7G-34 CN3
(see Fig. 14), these fragments remained unchanged in pX01.3 (Fig. 13). As
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shown in Fig. 13 the 8.2-kb Pst1 fagment and the 6.45-kb and 4.15-kb EcoR1
fragments were unchanged in pX01.3. The change in pX01.3 involved the 5,5-kb
EcoR1 fragment which was replaced with a 9.8-kb fragment. The alteration was
not as clear when pX01.3 was digested with Pst1. There did appear to be some
changes in the ‘arge fragments and a 5-kb fragment, appearing now as a
doublet, was generated.

pX012 DN: is present on pX01 plasmids after transfer. We reported
previously (36) that the altered fragments in pX01.1 and pX01.2 showed
homology to pX012. To confirm that pX01.3 had also acquired pX012 DNA, and
that the changes in pX01.3 were not a result of the rearrangement of DNA

sequences oa pX01.1, DNA from the agarose gel represented in Fig. 12 (lane 8,
pX01.3) was transferred to a GeneScreen Plus nylon membrane and probed with
32p_4GTP-1abelled pX01Z DNA. As indicated in Fig. 13 pX012 showed strong
homology to the restriction fragments ur -que to pX01.3.

pX012 and pXQ1 derivatives contain transposon Tnidl30, The mobilization

of nonconjugative plasmids can occur by either conduction or donation. By
definition, mobilization by conduction requires phyaical contact between the
fertility plasmid and the plasmid being mobilized, while donation does not
require physical contact of the two plasmids. In general the frequency of
mobilization of nonconjugative plasmids by conduction is quite low when
compared to the transfer frequency of the fertility plasmid. Because of the
low number of transcipients which acquire pX01 or pX02 in the course of a
mating it is believed that mobilization of the B. anthracis plasmids occurs by
conduction.

Several invesatigators have identified transposons and insertion sequences
on the chromosomes and plasmids of a variety of subspecies of B.
thuringiensis. In one case a transposon from a 42-Mdal plasmid present in

kurstaki KTO was found to have transposed onto the Streptococcus faecalis
plasmid pAMB1 in the course of a mating (20). This transposon has
subsequently been designated Tn4430. To determine whether the pX012 DNA on
pX01 derivatives was related to this transposon, we obtained the plasmid pHTHY
from Marguerite-M. Lecadet. pHTA4 was constructed by inserting the internal
4.2-kb Kpn1 fragment (which represents all but 2 bp at each end of the
transposon) into the Kpn1 site of the Escherichia coli cloning vector pUC18.
To determine the relatedness of the elements, plasmids pX01, pX0t1.1, and
pX01.2 were digested with the restriction endonucleases EcoR1, Pst1, and Kpni,

-h2-

}1l\L\-n‘-\-.\lnl.-L\qn!\nA.{,,,anu-\'H L LR WV, (V. (VRN TV BT TR A TE T T G TR YA T TR NSRS AL DL XL P hS S B A TP DA N PR




electrophoresed in 0.7% agarose gels and transferred to GeneScreen Plus nylon
membranes. Plasmid pHT44 which had been extracted from E. coli JM83 and
labelled with [32P]-dGTP was then used to probe the pXO1 plasmid DNA. As
expected, pHTUU hybridized only to those fragments of pXO!1 which had acquired
the 4,2-kb pX012 sequences.

To determine whether the element from pX012 was identical to Tn4430 we
isolated both elements and compared the DNA fragments generated after
digestion with the restriction endonucleases Pst1 and HindIIZ. The elements
were obtained by restricting pX012 and pHT4H4 with Kpn1 and electrophoresing
the DNA on 0.7% agarosa gels. The 4.2 kb Kpnl fragment was isolated from the
agarose gels using an Elutrap apparatus as described by the supplier
(Schleicher and Schuell). Approximately 0.5 ug of each DNA fragment was
digested with either Pst1 or HindIII and the DNA was electrophoresed in a 1.2%
agarose gel. As reported by Lecadet, at al. (38), the 4.2-kb Kpn1 fragment
contains a single recognition site for each of the endonucleases Pst1 and
HindIII which results in two fragments after digestion. The results of the
digestion (Fig. 15) show that the 4.2 kb element from pX012 is identical to
Tn4430. Digestion of each fragment with HindIII produced fragments of 3.5 kb
and 0.7 kb. Similarly when the fragments were digested with Pst1 two
fragments of 3.1 kb and 1.1 kb were gererated.

Plasmid pBC16 is unaltered after t~ansfer. The difference in the
frequency of mobilization of pBC16 and the large B. anthracis plasmids
suggests that there may be two separate mechanisms of transfer. The high
frequency transfer of pBC16 suggests that mobilization of this small plasmid
occurs by donation. By using a pX012 plasmid which was tagged with Tn917 (see
above) we have determined that the transfer of pBC16 reflects very avcurately
the actual transfer frequency of pX012. By definition, mobilization of
plasmids by donation does not require physical contact between the conjugative
plasmid and the nonconjugative plasmid. Accordingly there should not be any
alteration in tha nonconjugative plasmid after it has been transferred. To
confirm that this was the case with pBC16 we examined the plasmid before and

after mobilization by pX012. Plasmid DNA was extracted from B. anthracis UM23
C1 td1(pBC16) and B. anthracis UM23 C1-2 tr272G-2(pBC16) and digested with
EcoR1, fer which pBC16 has a single recognition site, and electrophoresed in a
1.2% agarose gel. Examination of the g2l showed that there was no change in
the restriction pattern of pBC16 after it was mobilized by pX012. This result
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strengthens the idea that mobilization of pBC16 by the faertility plasmid pX012
occurs by donation. It was possible that homologous sequences between pX012
and pBC16 acconted for the ability of pBC16 to be transferred, though the
high number of transcipients strongly suggests donation.‘ To test the

‘possibility that there is homology between pBC16 and pX012, DNA frcm the

agarcse gel described above was transferred to GeneScreen Plus nylon
membranes and probed with [32P]-dGTP-labelled pX012 DNA. Results of the
hybridization experiment confirmed that there was no homology between the two
plasmids.

pX012 from B. anthracis pX01 donor strains is unchanged as zompared to

wild type pX012. Because transposons generally leave a copy of themselves at

their original location when they transpose, there should not be any change in
pX012 from pX01 donors or transcipients as compared to wild-type pX012. To
confirm this, pX012 was isolated from UM2 tr244-1 and UMU4-1 C9 trii1G-1,
transcipients which carried pX012 and pX01, and from the transcipient B.
cereus 569 UM20-1 tr374B-5, which contained only pX012 and pBCi6. DN.
Digestion of the plasmid DNAs with EcoR1 revealed no detectable differences in
the various pX012 plasmids. These results are consistent with the hypothesis
that there has besn transposition of pX012 sequences onto the toxin plasmid of
B. anthracis.

Plasmid pX02 sometimes contains Tn#430 after mobilization by pX012. To
confirm further the role of Tnﬂﬂzg in the mobilization of the B. anthracis
plasmids we examined the capsule plasmid pX02 before and after mobilization by
pX012. To examine the plasm_ds it was first necessary to isolate pX02 from
the Cap* transcipients which also contained pX012 and pBC1(G. This was done by
using the transducing bacteriophage CP-51tsli5. Transducing lysates were
obtained by propagating the bacteriophage on the transcipients B. anthracis
4229 tr299-3, B. cereus 569 M20-1 tr305-1, and 569 UM20-1 tr305-5 and
transducing B. anthracis UM23 Ci-1 to Cap*. I his way B. anthracis UM23

C1-1td20G, td22G, and td25G were obtained whicl contained pX02 from tr299-3, - -

tr305-5, and tr305-1, respectively. Plasmid DNA from the Cap™ transductants
was digested with the restriction endonucleases EcoR1 and Kpn! and compared to
similarly digested pX02 DNA from B. anthracis 4229 which was taken to be the
wild type. No alteration was detected in pX02 which originated from B.
anthracis 4229 tr299-3 as compared to the wild-type capsule plasmid. However,
when pX02 from the transcipient B. cereus 569 UM20-1 tr305-1 was digested with




Kpn1 a new fragment of 4,2 kb was generated suggesting the acquisition of
Tn4430. Interestingly, when pX02 from B. cereus 569 UM20-1 tr305-5, a
transcipient from the same mating as tr305-1, was examined there was no
indication that Tn4430 was present.

It seemed posssible that in the caze of pX02 transfer into B. cereus 569
UM20-1 tr305-5 there was generation of a cointegrate in the mating proceas but
the transposon was lost from the pX02 plasmid upon establishment in the
transoipient atrain. If this was the case, it seemed possible that if 569
UM20-1 tr305-5 was used as a donor to transfer pX02, the capsule plasmid in
Cap* transcipients might acquire Tn#430. To test this hypothesis B. cereus
569R UM20-1 tr305-5 was mated with B. anthracis UM23Ci-2 and Cap*
transciplents were selected. Cap* transcipients were obtained in this mating
at approximately the same frequency as in matings with the original donor B.
anthracis 4229 tr299-3. Plasmid pX02 DNA was isolated from one of the
transcipients and examined for alterations. When the restriction fragment
profile of this plasmid was examined with EcoR?1 and Pstl, again there was no
alteration in the plasmid as compared to wild type pX02. In Southern ;
hybridization experiments thure was no evidence of homology between pX02 and o
pX012, ruling out the possibility of homologous DNA'sequencea mediating
contact of the two plasmids. |

Discussion. By definition, transfer by conduction requires physical
contact between the conjugative plasmid and the plasmid being mobilized.
Evidence for the physical contact between pX012 and the B. anthracis plasmids,
pX01 and pX02, was two-fold. Examination of pXO1 and pX02 after being
transferred showed that in some instances they had acquired a 4.2-kb DNA
sequence. This seque.ace was found to have originated from the fertility
plasmid pX012, and by Southern hybridization and restriction digestion
analysis was determined to be identical to the recently described B.
thuringiensis transposon Tn4430. Restriction analysis of pX012 from a donor
and a transcipient revealed no alterations in that plasmid, a result
consistent with the presumed transposition of Tn4430 from pX012 to pXO1 and
pX02. It should be emphasized, however, that pX012 DNA was not always found
in pX01 and pX02 following their transfer. If mobilization of the B.
anthracis plasmids does in fact require physical contact wita pX012,
presumably the transferred complex frequently resolves in such a way that pX01
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inherited plasmids which were apparently stuble cointegrates of pX01 and
pX012. These strains, in addition to being able to mobilize pBC16, were shown
to transfer the PA* penotype to approximately 50% of the Tel transcipients.

In contrast to the transfer of pX0O1 and pX02, mobilization of pBC16 by
pX012 appears to occur by donation. Mobilizatiun by donation has been
determined not to require physical contact between conjugative plasmids and
those being transferred. Again, evidence for the donatiun of pBC16 by pX012
is two-fold. The frequency of transcipients which inherit pBC16 is generally
quite high, and restriction analysis of pBC16 after being transferred showed
no alteration as compared to pBC16 before tranafer. Furthermore Southern
hybridization exnsriments indicates that there is no homology between pX012
and pBC16.

V. Studies on transformation of B. anthracis, B. cereus, and B. thuringiensis

In recent years a number of reports have appeared in the literature on
methods for transfsorming B. thuringiensis. We have tried unsuccessfully to

transform B. cereus, B. anthracis, and B. thuringiensis by most, if not all,
of the m3thods that have been reported. This has been the experience with
most laboratories that have tried to use the tranformation methods that have

been reported. In fact, in some instances, the authors of the papers
describing the methods have been unable to repeat their results.
Heierson, et al. (15) recently reported a new method for transforming B.

thuringiensis, and we have had some success i1 adapting their procedure to B.

cereus. The procedure is given below.

Transfo:mation procedure for B. cereus. Spores (about 107) of B. cereus
569 UM20-1 Sur® Trp~ were inoculated into 10 ml of MinIC broth (no glucose)
supplemented with 2% (v/v) L broth in a 20-mm cotton-plugged tube and
incubated at 37°C on a shaker (210 rev/min). After 14-15 hours 0.3 ml was
transferred to 10 ml of fresh broth and incubation was continued 5.5 hours, at
whick time there were . 2ut 7 x 107 efu/ml). The culture was transferred to a

16-mm screw cap tube and centrifuged at 3700 rev/min for 10 min at 21°C. The
cells were wa.“ed with 5 ml of 50 mM Tris hydrochloride (pH 7.5), pelleted
again, and r.. .spended in 7 ml of 50 mM Tris hydrochloride-30% sucrose (pH
8.1). Five ml was transferred to a 20-mm cotton-plugged tube and incubated 5

«lb-

B 1 0 R T O VO (DY (3 GRG LR UER G RO Gl AR L GG A, it AV A Vi 6L GG b Ayt N R VAR SV o)

I



min at 37°C on a slow shaker (140 rev/min). Following this incubation the
cells were centrifuged at 3700 (rev/min) for 10 min at 21°C and the cell
pellet was resuspended in 0.5 ml of LBP (1:1 miiture of 2x L broth and 0.2 M
sodium-potassium phosphate, pH 6.4). (The sodium-potassium phosphate solution
contained 1.905 g of Kﬂzpou and 0.852 g of NaaﬂPOu per 100 ml. No adjustment
of pH was necessary.). DNA (50 ul, about 5 ug) extracted from cells by our
modified Kado and Liu procedure was added, and this was followed by addition
of 1.5 ml of 40% PEG (w/v, prepared in sodium-potassium phosphate buffer) and
the suspension was mixed. Following incubation at 37°C for 15 min on a slow
shaker (140 rev/min), the suspension was centrifuged at 3700 rev/min for 10
min at 21°C and the pellet was resuspended in 1 ml of LG broth (L broth with
0.1% glucose added asceptically). Samples (0.1 ml) of the resuspended celis
were spread on L agar plates which were then incuoated at 37°C for 2-2.5
hours. After this period of time to allow phenotypic expression of plasmid
determinants, 2.5 ml of soft L agar (0.5% agar) supplemented with the
appropriate antibiotic was poured over each plate and allowed to harden.
Incubation of these plates was then continued at 37°C for about 24 hours.
Transformants were strsaked to selective plates to confirm resistance to the
antibiotic and retention of their original auxotrophic marker.

Results. The 2.8-Mdal tetracycline-resistance plasmid pBC16 and the
3.0-Mdal kanamycin-resistance plasmid pUB110 have been transformed into B.
cereus 569 by this procedure on several occasions, with pBC16 yielding 90-130
transformants per plate and pUB110 yielding 70-90 transformants per plate.

Some variations of the procedure have been tested and the following
observations have been made: (1) Addition of 2% L broth to the Min 1C broth
appears to enhance growth of the cells and is necessary for the cells to
attain their "competent™ state; (2) The pH of the Tris-sucrose buffer is
important. No transformants were obtained when buffers of pH 8.4, 8.9 and 9.0
were used; (3) At the time of DNA addition microscopic examination of the
suspension showed the presence of cells only; no protoplasts could be seen;
(4) This procedure worked better with B. cereus 569 than with B.
thuringiensis. With B. thuringiensis subsp. galleria no more than 5-10 Te”

transformants per plate were obtained.

We have not yet tried this procedure for transforming B. anthracis.
However, we will be doing so in the near future. Although the frequency of
transformation of B. cereus by this method is quite low, we are optimistic
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that we will be able to improve the frequency and also that we can adapt the
procedure to B. anthracis. We have tried many procedures in the past and this
is the only one that has given positive results.
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TABLE 1. List of bacterial strains

Strain

Characteristics and/or source

B. anthracis
4229 (Pasteur)
4229 R1
4229 UM12
4229 tra299-3
PM~-36
PM-36 R1
AAmes-1
Ames ANR-1
New Hampshire ANH=1
New Hampshire NNR=-1
New Hampshire NNR-1A1
M

M M2

M UM6

Weybridge
UM44
UMU4-1
UMU4-1 C9
UM44-1 C9 tr156G-2
UMU4-1 C9 tr156G-2 H1
UM34-1 C9 tri156G-5
UM44-1 C9 tr156G-6

'I
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Cap*® Tox™ (pXx02) [B. Ivins]
pX02=, Spontaneous Cap~ of 4229
Nall by UVA of 4229, (pX02)
pX02, pX012, pBC16

Vollum strain, (pX01, pXx02) [MREP]
Cap™ spontaneous pX0i~= from PM-36, (pX01)
Cap*C Tox~ pXO01~ (pX02) [B. Ivinsa]
Cap™ Tox* pX02«= (pX01) [B. Ivins]
Cap*® Tox~ pX01~ (pX02) [B. Ivins]
Cap™ Tox* pX02= (pXO1) (B. Ivina]
pX01~™ from NNR-1

Cap*2 Tox* (pX01, pX02.1)

UM1 cured of pX01 by growth at 42°, Strf
(pX02.1)

pX02.1", Spontaneous Cap™ from M
Cap~ Tox* (pX01) px02~ [MRE]
Ind™ by UV of Weybridge, (pX01)
str-1 by UV of UMU4, (pXO1)
pX01= of UM4l-1 at 42°
(px01-px0129, pBC16)
(pX01-pX012); pBC16~ at U2°
(pX01:pX012, pBC16)

(pXO1:pX012, pBC16)
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TA3LE 1. (continued)

UM44~1 tr203-23 Te' Cry* (pX01, pX012, pBC16)
UMBU-1 £r203-23 Cl-4 Tet® Cry* pBC16™ (pX01, pX0124203)
UM4l-1 tr203-23 C1-4 td1 Te” by td of tr203-23 C1-4, Cry* Tra~
(pXxo1, pX0124203, pBC16)
UM44-1 tr203-23 C1-413 Ind~ StrT Tet3 Cry* pBC16™ (pX0124203)
Weybridge A Colonial variant of Weybridge, (pX01)
A UM2 Ind™ by UV of Weybridge A; (pX01)
A UM2 tr244-1 Ind= Tef Cry* (pX01.1, pX012, pBC16)
A UM2 tr244-1 CN3 H2 (ﬁ§g1.1); pX012~ with novobiocin; pBC16™ at f
A M7 Ade™ br UV of Weyiridge A, (pX01)
A UM17 tr57B-6 Ade~ Te Cry* (pX01, pX012, pBC16) ;
A UM18 PyrA by UV of Wevbridge A, (pX01) é
A UM18 td2 UM18(pBC16) by td j
A UM18 td2 C25 UM18 td2 pX01~™ pBC16™ by growth at 42°C |
A UM18 td2 C25-1 Spontaneous Strf of td2-C25
A UM18 td2 C25-1 tri3G-11 Ter Cry* Strf (pX01, pX012, pBC16)

A UM18 td2 C25-1 tr#3G-11 CN1 Cured of pX012 with novobioein, (pX01, pBC16)

A UM18 td2 C25-1 trl3G-11 CH2 pX01™ of tri3G-11 by growth at 42°, Cry* Tra~
{(pX012A43, pBC16)

A M18 td2 C25-1 tri3G-11 C5 PBC16~ of tri3G-11 CH2 by gr wth at 429, Cry*

(pX012443
A UM23 Ura” by UV'ot Weybridge A LX01)
A UM23 C1 Ura',.pxo1‘ of A UM23
A UM23 C1-1 3tr-2 by UV of A UM23 C1
A UM23 C1-1 td20G pX02 from tr299-3 by td of A UM23 C1-1
A UM23 C1-1 td22G pX02 from tr305-5 by td of A UM23 C1=1
A UM23 C1-1 td25G pX02 from tr305-1 by td of A UM23 C1-1
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A

UM23 C1-1 tri7G-34

UM23 C1-1 tri7G-34 CN2

UM23 C1-1 tr338A-1

UM23 C1-1 tr338a-1 C1

UM23 C1=1 tr359A -1

UM23C1-1 tr3594-1 C1

uM23
UM23
UM23
uM23
UM23
UM23
UM23
UM23
UM23
0423

uM23

UM23
UM23
UM23
UM23

UMi121

B. cereus

569

569K
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Cc1-2
C1-2
Cl-2
C1-2
C1-2
C1-2
C1=2
C1=-2
C1=2
Cl-2

C1=2

c2

tr135K-1
tr201G=-1
tr201G=-1
tr201G-2
tr220G-2
tr220G-3
tr220G-4
tr272G-2
tr689B-3

tr706B-5

C2 tr96B-3

C2 tr96B-3-C19

2 tr237-10

B3

TABLE 1. (continued)

Ura= Tef Cry* Tox* (pX01.2, pX012, pBC16)

(pX01.2), pBC16™ pX012~ cf tri7G-34 with
novobiocin

Ura™ Tef Tra* (pXO14, pBC16)

pBC16 ° of tr338A-1

Ura™ Te™ (pX013, pBC16)

Ura™ Strf Tet® Tra* (pX013) pBC16~

A UM23 C* rfm-1 by td from A UM693 His™ rfm-1
Ura™ RifF Ea" Tra* (pX0503)

(pXx01.3, pBC16)

(pX01.3), pBC16~ at 42°

(px0o1, pX012, pBC16)

5V AN

>

(pX01:px012¢, pBC16)

N
e
o
(pX01:pX012, pBC16) 5

h

13
x

t‘s—"“

(pBC16)

Em" Tef Cry* Tra* (pX012, pX0503, pBC16)

o |

vt

Em" Cry~ Tra* carries pX012-706 which is
pX012::Tn917

Ranhi

h

pX01= of A UM23, Ura”
Ura~ Tef (pX011, pBC16)
pBC16= of tr96B-3, Ura™ Tet3 (pX011)

Ura™ Tef Cry* (pX012, pBC16)

o PR

Ura= Riff Tel (pX0503); 3335 UM8 x A UM23 C1-2

wild type (pX03, pXO4, pX0S5) [NRRL®]

Trp~ Strf [A. Aronson]
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B.

569 L21
569 UM20
569 UM20-1
569 UM20-1

569 UM20-1

569 UM20-1
569 UM20-1
569 UM20-1
569 UM20-1
569 UM20~1

569 UM25-9
569 UM27-11

T

tra251-1
tr305-1
tr3cs5-5
tr374B-5
tr374B-5 C1
tr691B=-12
tr730B=-14

B. thuringiunsis

1328

subsp. kurstaki HD1=9

subsp. kurstaki HD1-9 td1

40424

4o42A UM2-1

4o42aA UM15

40428

PV229
subtilis

168

B. megaterium

..‘- '- N \ A '\(_‘ ol '\-"-"-(\., o J ‘. » »‘vﬁ'h.r\"),\“- *'Hr""’\d('l‘." N
e g . 3 LT Rt R 3 $ L 3

TABLE 1. (continued)

569 lysogenized with TP-21

Ant”™ by UV of 569 (pX03)

Strf by UV of UM20 (pX03)

Ant= Strf TeF Cry* (pX03, pX012, pBC16)
str-1 (pX02, pX03, pX012, pBC16)

str-1 (pX02, pX03, pX012, pBC16)

Ant= strf TeT Cry* Tra* (pX012, pBC16)
Tet3 pBC16~ of tr37uUB-5 by growth at 420
(pLS20::T n917, pX012, pBC16)

Em® Cry™ Tra* (pX012-730 which is
pX012::Tn917)

met~-4 trp-3 str-9

met-4 {le-3 str-11

wild type (terminalis)

wild type, subspecies not known [R. E. Gordon]
carries TP-21 [A. Aronson]
(pBC16) by td of HD1-9

subsp. thuringiensis, Cry* (pX011, pX012)

pyrA strf (pX011, pX012)
Trp™ by UV of 4042A
subsp. aizawai [NRRL]

Leu= Strf Pep™ Meg~ [P. Vary]

trpC2 [M. Fox]
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168 UM21

168 UM42

PSL1
PSLA

PSL1

P3L1
PSL1

PSL1

PSL1

IG-20
IG-20
IG=20

I1G-20

IG-20

IG-20

IG-20

IG-20

PY143
W23

B. subtilis (natto)

3335

UM1

UM3

UMY
M1
UM12

uM13

UM1

UM3
UMy
UMS

uMé

TABLE 1. (continued)

Leu™ Met™ Strf

Leu~ Met~ Str® MLST (pX0503); IG-20 UM6 x8 168
UM21

r @~ reckE Arg™ Thr~ Leu~, BGSC strain 14510
r-m~ Arg~ Thr~ Leu™ Spontaneous Strf from PSL1

r~m~ Arg™ Thr~ Leu™ Strf Tel Ca® MLSF (pLS20,
pBC16, pTVi) by tf of PSL1 UM13

PSL1 UM12 pBC16™ by curing
PSL1 UMU(pUB110) by tf

ra~ Arg™ Thr~ Leu™ Strf TeP (pLS20, pBC16);
3335 UM8 x PSL1 UM1

r~m~ Arg™ Thr~ Leu™ Strf To® (pLS20, pBC16);
3335 UM8 x PSL1 UM1

r~n~ Trp~; BGSC strain 1A436
r m~ Trp~ Rifr; UV of IG-20
r“o~ Trp~ Strf; Spontaneous from IG-20

r~m~ Trp~ RifT Tel (pLS20, pBC16); PSL1 UM3 x
I1G-20 M1

r-m~ Trp~ Riff MLST (pX0501); PSL1 UM3 x IG-20
UM1

r-m™ Trp~ RirF MLST (pX0502); PSL1 UM3 x IG-20
UM1

r~m~ Trp~ RifF MLST (pX0503, pBC16); PSL1 UM3
x 1G-20 UM1

r-o~ Trp~ RifF MLST (pX0504, pBC16); PSL1 UM3
x IG-20 M1

Cmr" MLSF (pTV1) {P. Youngman]

strf [M. Fox]

Pga* Bio™ (pLS19, pLS20) [T. Hara]
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3335 uM2

3335 UM

3335 UM5

3335 UM8

3335 U4 tr537B-16
3335 UM22

3335 UM23

3335 UM24

3335 UM25

3335 UM27

3335 UM28

3335 UM31

B. licheniformis

99454
99454 UM89
B. pumilus
12140 L9S1
12140 L9S1 UM1

Escherichia coli

JM83

TABLE 1. (continued)

RLfT by UV of 3335

Spontaneous Pga™ pLS19~ from 3335, (pLS20)
RifF by UV of UM4 (pLS20)

TeF by tf of UM4, (pLS20, pBC16)

Pga™ ToF pLS20™ (pBC16)

UM4 tr537B=-16 pBC16= at 429, no plasmids
Ade™ of UM22 by UV, no plasmids

Strf of UM23 by UV, no plasmids

rfm-7 of UM22 by UV, no plasmids

Bio™ Ade™ Stx‘" Tcr (pLS20 pBC16), 3335 UM8 x 7
3335 MM24°

Bio~ Ade™ Strf Ter (pBC16), 3335 UM8 x 3335
uM24

Bio™ Riff Tef (pLS19, pLS20, pBC16), 3335 UM27
x 3335 UM2

Prototrophic, Pga* [C. Thorne]

Lys~ Strf

Lys” [P. Lovett]

Lys™ Strf; UV of 12140 L9S1

(pHT44) [M.-M. Lecadet]

Abbreviations: Ade, adenine; Ant, anthranilic acid; Arg, arginine; Bio, biotinj;
Ura, uracil; Ind, indole; C, cured; Cm®", pTVi-encoded chloramphenicol resistance;
Cap, synthesis of capsule; Cap*3, synthesis of capsules in air; Cap*°,

CO,-dependent capsule synthesis; Cry, synthesis of parasporal crystals; Em’,
srythromycin resistant; Leu, leucinej Lys, lysine; Met, methionine; Thr,
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TABLE 1. (continued)

threonine; Trp, tryptopaane; MLST, Tng17-encoded macrolide, lincosamide, and
streptogramin B resistance, Nm', pUB110-encoded neomycin resistance; N, curing by
treatment with novobiocin; Pga, synthesis of polyglutamic acid; rdA, mutation
conferring requirement for arginine plus uracil; RifF, phenotype for rifampicin
resistance; rfm, genotype for rifampicin resistance; Strf, streptomyecin resistant;
To", pBCl6-encoded tetracycline resistance; Tet, tetracycline; td. transduction;
tf, transformation; Tox, synthesis of toxin; Tra, mediation of plasmid transfer by
mating; Ura, uracil. In strain designations, tr denotes a transcipient strain and
td denotes a transductant obtained by CP-51-mediated transduction. Names or
abbreviations in brackets represent'sources of particular strains.

ayy, Mutagenesis by UV light.

PMRE, Microbioclogical Research Establishment, Porton, England.

CpX01:pX012 denotes a presumed cointegrate plasmid of pX01 and pX012.

d pX01-pX012 denotes a recombinant plasmid of pX01 and pXO12,

°NRRL, Northern Regional Research Laboratory, Department of Agriculture, Peoria,
Illinois.

Bacillus Genetins Stock Centar, Columbus, Ohio.

8 x is preceded by the donor strain and followed by the recipient strain, and

4

indicates that the isolate was derived from a mating.




TABLE 2. Test of some Bacillus species as recipients of pBC16 in matings

with B. subtilis (natto) 3335 UM8 (pLS20, pBC16)

Tof transcipients?

joo
®

Recipient strain No. per ml Frequencyb
anthracis UM44-1C9 1.3 x 103 1.3 x 10°3

B. cereus UM20-1 3.4 x 103 7.1 x 1074
thuringiensis 40424 UM2-1 1.6 x 103 3.6 x 10~%
licheniformis 9945A UM89Y 1.4 x 104 2.6 x 103
mesaterium PV229 3.5 x 101 2.3 x 10-6
pumilus 12140 L9S1 UM1 1.4 x 104 2.8 x 10-3

B. subtilis PSLI UM1 2.8 x 102 2.5 x 102
B. subtilis 168 UM21 9.5 x 104 2.7 x 10-3
B. subtilis W23 3.8 x 10° 2.7 x 102
B. subtilis (natto) 3335 UM24 1.7 x 10" 7.3 x 10°4

A S BRI KR~ Ay R Y R T e N MY S O T MR s o AT T AR R SR X K K X KRR S, BRI
j o Jw | |
[ ] ] . [ ]

T

2 pata represent the average results of three experiments.

b Frequency is expressed as the number of transcipients per donor.
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TABLE 6. Complement of EcoRI restriction fragments of pLS20 and ~X0503
Fragment size (kb)3
Fragment
no. pLS20 pX0503
1A 9.25
1 7.25 7.25
2 6.4 6.4
3 5.9 5.9
4 5.0 5.0
41
3.35 3.35
7 3.1 3.1
8 3.05 3.05
9 2.75 2.75
10 2.5 2.5
11 1.9 1.9
12 1.8 1.8
13 1.65 1.65
14 1.6 1.6
15 1.55 1.55
16 1.45 1.45
17 1.3 1.3
Sum: ;;jg; ;;T;—

2 pata represent the average results of three experiments.
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TABLE 7. Test for requirement of cell-to-cell contact for transfer of

chromosomal markers from B. thuringiensis to B. cereus

B. thuringiensis subsp. kurstaki HD1-9 donor

Recipient Mating condition No. of prototrophic
transcipients per ml

B. cereus

569 UM25-9 mixed 2550
569 UM25-9 U~tube 960
569K mixed 1410
569K , U-tube 100

U-tube matings contained 3 ml each of donor and recipient cultures separatad by
a 0.45 um Millipore membrane. Mixed broth matings contained 0.5 ml each o."
donor ard recipient cultures together in 20-mm tubes. Prototrophic
transcipients were selected on Minimal 4NH agar plates containing strepto. 'cin

(1 mg/ml).
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TABLE 8. Phage titers from induced cultures of HD1-9 and HD1-9 td1(pBC16)

Strain Growth medium Method of induction Titer

B. thuringiensis

HD1-9 L broth UV light 8.0 x 107
L broth Mitomycin C 4.5 x 108
L broth Spontaneous 3.0 X 107
BHI biroth Spoataneous 1.4 x 109
HD1-9 td-1 L broth UV light 4.4 x 108
L broth Mitomyein C 4.6 X 108
BHI broth Mitomycin C 2.3 X 109

For spontaneously produced phage, cultures were grown overnight and filtered.
For induction with mitomycin C, 25 ml of broth was inoculated with 2.5 ml of a
16-h shaken culture and incubated for 2 h at 37°C. Mitomycin C (0.4 pg/ml) was
added and incubation was continued for 2 h. For UV induction 5 ml of a 2-h
culture grown as above was treated with UV light for 60 sec and transferred to
25 ml of fresh broth. Incubation was continued for 2 h. All cultures were
filtered through Millipore HA membranes.
|
|
|
|
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TABLE 9. Effect of phage antiserum on transfer of pBC16
and chromosomal markers in mating mixtures

B. thuringiensis Addition to B. cereus 569K transcipients per ml
Donor mating mixture Prototrophic Tel
kurstaki HD1-9 None 710 0
TP-12 antiserum 16 0
Preimmune serum 460 0
kurstaki HD1-9 td=1 None 1110 >10000
TP-12 antiserum 10 >10000 \
\
Preimmune serum 330 >10000 \!
:
No donor 10 0

Mating mixtures of HD1-9 and HD1-9 td1(pBC16) donors and B. cereus 569K
reciplents were plated on Minimal YNH agar with ¢ .~eptomycin (1 mg/ml) to sealect
for prototrophic transcipients and on L agar plus tetracycline (25 ug/ml) and
streptomyecin (1 mg/ml) to select for tetracycline-resistant transcipients.
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TABLE 10. Determination of host range of the specialized transducing
phage TP-21::Tn317

Strain Em® transductants
per ml
B. anthracis
4229 R1(pX02)= 3.3 x 10°
Vollum PM36 R1(pX01) 2.9 x 102
Ames ANR-1(pX01) 3.0 x 10!
Admes-1(pX02) 0
M UM6(pX01) 2.1 x 102
M UM2(pX02) 1.0 x 10!
New Hampshire NNR-1(pX01) 1.0 x 102
New Hampshire ANH-1(pX02) 7.0 x 10}
New Hampshire NNR-1A1(pX01)~ 1.1 x 102
Weybridge A UM18(pX01) 8.0 x 10!
Weybridge UMA44-1(pX01) 1.1 x 102
B. cereus
569 2.4 X 10°
569 L21(TP-21) 3.2 x 103
T 0
B. thuringiensis
subsp. kurstaki HD1-9 7.4 X 103
subsp. thuringiensis 4OU42A UM15 2.0 x 10!
subsp. alzawai 4042B 3.6 x 103

bl



TABLE 11. Transfer frequency of pX012::Tn917 derivatives

Donor Recipient Transcipients
Strain Plasmids ) No. per ml Frequency
B. anthracis UM23 C2  pX012, pBC16 B. anthracis 9.0 x 10° 1.9 x 10~2
tr237-10
B. cereus 3.9 x 108 7.1 x 102

anthracis 4.8 x 10% 1.6 x 1074

iw

B. cereus 569 UM20-1 pX012, pBC16
tr251=1

B. anthracis UM23 C1-2 p¥012::Tn917 B. anthracis 2.3 x 10° 1.3 x 10~2
tr706B-5

B. cereus 4,5 x 105 2.6 x 10~2

B. cereus 569 UM20-1 pX012::Tng17 B. anthracis 2.2 x 10% 9.2 x 1075

tr730B-14

aTo counterselect the donor, an appropriate antibiotic resistant recipient was
employed.
bFrequency is expressed as the number of transcipients per donor.
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FIG. 1. Agarose gel electrophoresis of plasmid DNA, demonstrating transfer
of pBC16 and pLS20. a, pLS20 (55 kb); b, chromosomal DNA; ¢, pLS19 (5.4 kb);
and d, pBC16 (4.2 kb)., (A) 3. subtilis (patto) 5335 and some derivatives used
in this study. Lanes: 1, (natto) 33353 2, UM4; 3, UM8; 4, uMa4. (B) 3.
subtilis (natto) donor and B. . subtilis (natto) and B. anthracis recipients and
transcipients. Lanes: 1, B. subtilis (natto) UM8, “donor; 2, B. subtilis
(natto) UM24, recipient; 3, B B. subtilis (natto) UM28, transcipient; 4, 8.
subtilis (natto) UM27, transcipient; 3, B. anthracis A UM23C1-2, recipient-
B. anthracis A UM121, transcipient,.
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FIG. 2. Agarose gel electrophoresis of plasmid DNA from B. subtilis (natto)
strains, demonstrating cotransfer of pLS19 and pBC16. a, pL320; b, chromosomal
DNA; ¢, pLS19; and d, pBC16. Lanes: 1, UM31, donor; 2, UM24, recipient; 3,
UM24 transcipient 1; U4, UM2U transcipient 2; 5, UM24 transcipient 3.
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FIG. 3. Agarose gel electrophoresis of plasmid DNA from B. subtilis strains,
demonstrating generation and transfer of pX0503. a, pLS20; b, pX0503 (59.8 kb);
¢, chromosomal DNA; d, pTV1 (12,4 kb); and e, pBC16, Lanes: 1, PSLI UM3,
donor; 2, IG~20 UM1, recipient; 3, IG-20 UM6, transcipient; 4, 168 UM21
recipient; S, 168 UM42, transcipient.
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FIG. 4A. Agarose gel electrophoresis of EcoRI-digested plasmid DNA. Fragment
sizes are given in kilobases. Lanes: 1, pLS20; 2, pX0503; 3, pTV1; 4, kb
: ladder, '
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' FIG. 4B. Autoradésgraph from a Southern blot of EcoRI-digested DNA after
hybridization with ““P-labeled pTV1 probe. The lanes correspond to those of the
original gel shown in FIG. U4A.
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Fig. 5. Schematic of an agarose gel comparing the Xbal restriction banding
patterns of the 29-Mdal plasmid from kurstaki HD1-9 and TP-21c¢ phage DNA.
Lanes: 1, 29-Mdal plasmid DNA; 2, TP-21c phage DNA; 3, 29-Mdal plasmid DNA cut
with XbaI; 4, TP-21c phage DNA cut with Xbal.

~72-

WO OOV U U DU A A DA O DA D T DA O D D O S DO O O X O T Y A A N T I A S AN T SN




Fig. 6. Agarose gel of plasmid DNA from B. thuringiensis subsp. kurstaki
HD1-9 and TP-21::Tn917 lysogens. Plasmid bands: a, 29-Mdal plasmid (TP-21
prophage); b, TP=21::Tn917 . The diffuse band in 2gll lanes is chromosomal DNA.
Lanes: 1, B. thuringiensis subsp. kurstaki HD1-9; 2, B. cereus 569; 3, B. cereus
569 (TP-21::Tn917); 4, B. thuringiensis 1328; 5, B. thuringiensis 1328
(TP=-21::Tn317); 6, B. anthracis 4229; 7, B. anthracis 4229 (TP-21::Tn917); 8, B.

cereus .569 (TP~21::Tn917).
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FIG. 7. Aval restriction pattern of pX012 plasmid derivataives, The

asterisk marks bands that hybridized to the

32

P-labeled 48,5~kb fragment of

pX012. Bands marked by "+" were given by the altered plasmids but not by

wild-type pX012., The "+" and "=-" signs at the top indicate the phenotype
conferred by the plasmids with respect to parasporal crystal synthesis and

fertility.
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C = BqlII fragments contained within the 48.5 kb Aval fragment of PX01l2 that
have been cloned in B. subtilis

T = 32p-pHT44 (pUC18:Tndd30)

FIG. 8. BgllI restriction pattern of pX012 plasmid derivatives. Bands
marked by "+" were given by the altered plasmids but not by wild-type pX012,

The arrows indicate fragments that were given by wild-type pX012 but not by
the altered plasmids.
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FIG. 9. PstI restriction pattern of B. thuringiensis conjugative plasmids.
The fragments marked with "T" hybridized to 32P-labeled pHT44 (pUC18::Tnld30)
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FIG. 10. BglII restriction pattern of B. thuringiensis conjugative
plasmids., The fragments marked with "T" hybridized to 32P-labe1ed' pHT44
(pUC18::Tnl4430), and those marked with "A" hybridized to 32E’-labeled 48.5«kb
Aval fragment from pX012.
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FIG. 11, Aval restriction pattern of various plasmids, d-monstrating the
acquisition of Tn317 by pX012 derivatives pX012-730 and pX012-706. The arrows
mark fragments that correspond to those given by transposor Tn917 present on
pTV1i.
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FIG. 13. Agarose gel electrophoresis of pX01, pX01.1, and pX01.3 digested
with PstI, EcoRI, and Kpnl. Lanes 1-4 digested with PstI; lanes 5-7 digested
with EcoRI; lanes 8-10 digested with KpnI. Lane 1, pX012; lanes 2, 5, 8, pX01;
lanes 3, 6, 9, pX01.1; lanes 4, 7, 10, pX01.3. The arrows indicate altered
fragments which showed homology to pX0i2.

-80-




I —————————— W .0 oo -
---- tetatet . Lo -, C O T "’ NN ~
R T R R T i S S NN IO S O A T SN S 3 ST RN e byt

1 2 3 4 5 6 7 8 9 10

—5* em——
p e
T A
o
) _end n—

— =3 e

-k—-— —

— WENS SEEE TR

|

FIG. 14, Agarose gel electrophoresis of pX01, pX01.1, and pX01.2 digested
with PstI, EcoRI, and Kpnl. Lanes 1-4 digested with PstI; lanes 5-7 digested
with EcoRI Tanes 8-10 digested with Kpnl. Lane 1, pX012' lanes 2, 5, 8, pX01;
lanes 3, 3, 6, 9, pX01.1; lanes 4, 7, 10, pX01.2., The arrows indicate altered
fragments which showad homology to pX012,
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FIG. 15. Agarose gel of 4.2 kb KpnI fragment from pX012 and pHT44,
- Lane 1, BRL kb ladder
Lanes 2, 4, and 6. 4,2 kb fragment from pHTU4,
Lanes 3, 5, and 7. 4.2 kb fragment from pX012.
Lanes U4 and 5 were digested with PstI. Lanes 6 and 7 were
digested with HindIII.
The numbers on the left represent fragment sizes in kilobases.
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The following abstract and papers were published or accepted for
publiction during this reporting period:

1. Koehler, T. M., and C. B. Thorne. Bacillus subtilis (natto) plasmid pLS20
mediates interspecies nlasmid transfer. Abstr. Annu. Meet. Am. Soc.
Micrubiol. H-105, p. 157. 1987.

2. Reddy, A., L. Battisti, and C. B. Thorne. Identification of self-trans-
missible plasmids in four Bacillus thuringiensis subspecies, J. Bacteriol.

(In press).

3. Koehler, T. M., and C. B. Thorne. Bacillus subtilis (natto) plasmid pLS20
mediates interspecies plasmid transfer. J. Bacteriol. (In press).

The following Ph. D. dissertation was written on research carried out

under this contract:

Reddy, Amala. Characterization of four self-transmissible Bacillus
thurinegiensis plasmids. Ph. D. Dissertation. University of Massachusetts,
Amherst. February 1987.
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